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Ecology is a pleasant science. Those who follow it pass their time in 
trying to understand functions of the natural world, which are as 
mystifying as anything in physics but which also appeal to the animal 
cravings in humans. An ecologist can savor the life of a naturalist while 
using the methods of chemistry or the philosophy of mathematics. A 
textbook on this subject should be easy to write, and my aim has been to 
capture enough of ecology’s enjoyment to give a little pleasure in the 
reading. | hope the book might be read, not just consulted. Its many 
figures and tables are but second statements of information embodied in 
the prose. 

There are four main themes or ways of looking at nature which 
ecologists have followed, and these I have used to organize the book 
into four parts. Part 1 traces the way ecology emerged from biogeog- 
raphy, from the attempt to explain the odd fact that animals and plants 
of different parts of the world lived in communities so distinct that they 
even looked different. This attempt led not only to the basic ecological 
understandings but also to the great unifying concept of the ecosystem. 
Part 2 describes how the ecosystem concept was developed to show 
how living things share space and raw materials while dwelling in 
complex systems driven by the energy flowing from the sun. Part 3 
follows the long intellectual struggle which ecologists have waged in 
their attempts to explain the balance of nature. The themes of this part 
are the Darwinian themes of competition for limited resources and the 
battles between predators and prey. Part 4 is an account of how modern 
ecology seems to be capping the ecological efforts of a century by re- 
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stating the Darwinian principle of fitness and using it to explain the 
qualities of individual animals and plants. These qualities give rise to 
such classical ecological phenomena as communities, succession, eco- 
systems, and the impression of a balance in nature. Part 4 is thus a 
review and synthesis of the earlier parts of the book. 

I have written in short chapters intending that each should be a self- 
sufficient piece of writing with its own introduction and fully develop- 
ing its own arguments. It should be possible to use the book for a course 
which organizes ecology into a different sequence of subjects by as- 
signing chapters in a different order. Each chapter has a preview rather 
than a summary, for this conforms with my main principle that the book 
should be readable while serving a summary’s purpose of succinctly 
stating the theme of a chapter. 

The book evolved from the experience of lecturing on ecology to 
large classes of students majoring in the sciences, second-year students 
mostly but also including all ranks from freshmen to graduates, and 
from lecturing to a complete cross section of the university in courses 
on the human environment. The whole book could be assigned reading 
for a one-semester course for second-year science students, though 
some chapters might have to be deleted for a course of only one 
quarter. There is, however, nothing in the book which should be beyond 
the comprehension of first-year science students, though for use by 
freshmen it might be best to delete all of Part 4 except Chapter 40, 
which is a review of succession theory. 

Part 3 might well stand alone for an introductory course on popula- 
tion studies. In Part 3 a few mathematical models are discussed, but 
nowhere is an understanding of the mathematics necessary in order to 
follow the argument. It is my hope that mathematics and jargon could 
be completely circumvented by those wishing to set them aside and 
follow the arguments in prose, that arts students and even artists would 
be able to glean from the book some of the great fun that ecologists find 
in their own peculiar way of looking at nature. 

Parts of the book, particularly Part 2, could be used for general 
courses trying to acquaint nonscientists with something of the scientific 
method. The implications of ecological findings for human affairs are 
everywhere discussed, but with an attempt to keep the discussion within 
the bounds of realism and to what ecology truly has to say. While as 
worried as anybody about the sort of earth and living we will leave our 
descendants, | have yet been at pains to show where many of the 
hypotheses of ecological catastrophe which have been put forward are 
false. The book, however, is about ecology and not the human condi- 
tion. References to men are thus scattered throughout the book, though, 
for convenience, they will be found listed in the index under “Human 
Ecology.” 

Every writer who tackles so wide a collection of subjects as this must 
know that many of the ideas which he develops as if they were his own 
have come to him from others in sundry conversations. This has surely 


been the way in the making of this book. Some of my thought, of course, 
had its roots in my formal training, at Cambridge, Duke, Belfast, and 
Yale. More dawned on me during wanderings in many lands, in Alaskan 
tundras, Nigerian forests, and the Galapagos Archipelago, on soil survey 
in the boreal forest of Canada, and assisting my wife in studies of coral 
reefs, under the Caribbean with a tank of air on my back. But the real 
nursery of the book has been The Ohio State University where for 
seven years | have had the high privilege of lecturing about ecology to 
classes several hundred strong, and where perennial arguments about 
ecology have gone round the lunch table in my laboratory. My many 
teachers, whether formal or as companions, will | hope, excuse my not 
listing them by name, but two of them, D. A. Livingstone and R. H. Whit- 
taker, | must acknowledge, for they read early drafts of this book to 
such effect that their comments opened whole new understandings to 
me and have in places changed the book into something much better 
than it was. 


Paul A. Colinvaux 
Columbus, Ohio, 1972 
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INTRODUCTION TO ECOLOGY 


The business, and the fun, of science is to notice that phenomena of the 
natural world require explanation; then to find the explanations. In these 
twin tasks the physical sciences have advanced further than biology. It is 
centuries now since men saw that they must provide explanations, based 
on logic rather than superstition, for such familiar things as the alternation 
of night and day, the phases of the moon, and the falling of dropped 
rocks. The first realization that these phenomena needed explaining has 
been followed by the beautiful flowering of the physical sciences, which 
has developed as a steady quest for better explanations. But biology has 
moved more slowly, both in identifying the great problems and in moving 
toward their solution. 

A medieval man (or a modern child), who was willing to accept with 
simple gladness the changing of the seasons and the falling of things 
down rather than up, took with the same simple acceptance some 
remarkable biological phenomena. When he went about his business in 
the early morning, he was serenaded by the songs of birds all. singing 
together, the dawn chorus, evidently a God-given joy to start the day. 
And yet reason should think this singing of the birds in the morning to be 
decidedly odd. Why do the birds sing at dawn—indeed, why do they sing 
at all? And then, in the garden, there were many different kinds of plants; 
in the meadow as well, and in the forest. Why should there be all these 
different kinds of plants growing side by side in similar places? And the 
animals too; there were even more kinds of them than of plants, particu- 
larly the insects. Why should this be? And, for that matter, why should 
there not be more kinds? Questions such as these were not seriously 
asked even as science advanced toward explanations of the no more dra- 


CHAPTER 1 
INTRODUCTION 


1 


Z 
INTRODUCTION 


matic phenomena of the physical world, and the most interesting of these 
questions have only been posed in our century. They provide the sub- 
stance of the discipline of ecology. 

Questions about the numbers of living things, of where they are found 
and what they do, may be neatly referred to as problems of habit and 
habitat. The word “Ecology” is invented to convey this idea of “The 
study of animals and plants in relation to their habit and habitats.” It 
comes from the Greek word “oikos’”” which means “house” or ‘‘home’’ 
or “household’”’ or something like that, and “logos’’ which is the word 
taken to mean “science” and which is the root of all the ‘-ologies’”’ with 
which our language is cluttered. We take, then, this word from the Greek 
“ecology” to mean “the study of the household of nature.” It is a useful 
word, one that has come to convey the idea of the study of all the related 
phenomena of the ways and environments of living things. 

An ecologist must often be out in the field studying animals and plants 
in nature, but many other people do this without being ecologists. The 
distinction is best shown by an example. It is common English usage to 
talk of larks; of singing like a lark, being happy as a lark, or larking about; 
and this usage comes from poetic musings about the habits of the North- 
European skylark, Alauda arvensis. In the early summer skylarks trill 
beautifully, high in the sky over meadows and wheat fields. They start 
from the ground with a swiftly rising, fluttering flight, singing the while, 
and climbing up and up until they almost vanish against the blue, then 
they stop singing and plummet down to earth before repeating the whole 
performance. You may lie on your back in the sun for hours lulled by this 
pleasant serenade. Many poets have done so, and for many centuries. 
Some came to know the birds well, to sense on what days the larks sang, 
to know where to find larks, to see their nests and eggs and, in short, to be 
good field naturalists. And yet, for centuries there was no attempt to look 
at the lark’s beautiful performance with the eye of reason, to realize that 
here was something odd that required explanation, and to ask the ques- 
tion: ‘Why does the skylark behave in this fetching but peculiar 
manner?” When that question is asked, the field study of the skylark 
becomes ecology. But reflect on the myriads who have watched skylarks 
without asking that question: naturalists all, but ecologists none. 

A hundred years after the birth of modern science, the time when mod- 
ern astronomy offered its reasoned explanations to the phenomena of 
night and day and when Newtonian physics set out on the long road of 
inference that was to lead more than two centuries later to relativity, 
came the birth of evolutionary biology. Linnaeus, and those who came 
after him, established that the animals and plants of the world were dis- 
tinct enough to be classified. There truly were many different kinds of 
plants and animals. World travel became possible, and biologists became 
aware that different parts of the world held different collections of plants 
and animals. ‘‘Why was this so?”” the question began to be asked. Some 
more practical questions began to be asked also, agricultural questions 
like, “Why does a crop do better on one field than another’’— questions 


on which man had long pondered but which he now began to ask in a 
more reasoned manner. These questions of agriculture were ecological 
questions, too, but until the statement of the theory of evolution by 
Darwin none were asked with much conviction. If the number of 
species, their distribution, and how well they “did,” was the result of the 
whim of a creator, then there was no point in asking “why’’ and ex- 
pecting reason to provide an answer. Ecology was made possible by the 
theory of evolution. 

The theory of evolution by natural selection showed how it could be 
that there were many different kinds of living things; species were 
changed into other species by selection or “the struggle for existence’’; 
but the theory assumed that this struggle must be taking place. It declared 
in some instances the results of the struggle, the fleetness of foot of hares, 
the long legs of wading birds, and so on, but it could not see all the 
dimensions of the struggle nor did it show why there should be so very 
many different kinds of organisms rather than a more generalized few. 
But there are in the Origin of Species, clear clues to where the details of 
the struggle may be found. They lie in the quest for food or for living 
space, in the hostility of winter or other lean seasons of the year and, 
above all, in the drive to find resources for the young. The reason that 
there are so many species must lie in some interaction of the animals and 
plants with their physical world and with each other. It was sought, and is 
still being sought, by the new discipline of ecology. 

The ecological quest has advanced slowly, from the more obvious 
problems to those more refined and subtle. Some of the first leads were 
geographical, ‘Why did the vegetation of different parts of the world look 
different?” and “Why did some countries produce more crops than 
others?” There were two approaches to these problems. Some people 
concentrated on single species and the conditions that controlled their 
lives (autecology) while others studied the aggregates of mixed organisms 
called communities (synecology). Then the problem of population size 
became, and remains, of central interest, ‘Why do we get the impression 
of a balance in nature with populations of animals and plants seemingly 
roughly constant, since they are all presumably breeding away as fast as 
they can go?” Why, on the other hand, do we see such noted exceptions 
to this conceived balance as plagues and less disastrous upsets? Ecology 
has worked steadily to answer questions such as these, but the problems 
are complex and movement toward the solution of each major problem 
has only been achieved by uncovering and solving many lesser problems 
that lay in the way. We are now beginning to offer answers for the major 
questions, but the end is not with us, for the answers given by all 
ecologists are not yet the same. 

Now, while we are still reaching for some of the major answers, the 
answers have suddenly become vital to mankind, for our own increasing 
population and changing habits are dramatically altering the conditions 
of life for all plants and animals, including ourselves. Our population is 
outstripping its energy supply, and the excrement of our bodies and 
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machines has become so copious that the world system is changing. We 
take crude and uninformed measures to improve our lot, such as in- 
venting potent insecticides, only to find fearful and uncalled-for results. 
Some birds like the skylarks of which the poets sung may be vanishing 
now, poisoned out of existence by DDT. Why does DDT, used in tiny 
doses calculated to kill only insects, end up by killing off our birds? — And 
what will be the effect on us of the slaughter of the birds? Problems that 
were once fascinating only to the intellects of gifted men have taken ona 
grim significance. 
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Perhaps the first great phenomenon to interest plant ecologists was that 
the vegetation of different parts of the earth looked different. There 
were rain forests, deciduous forests, coniferous forests, and tundra. 
Geographers drew maps showing the aerial extent of each of these for- 
mations, and their maps seemed to say that the world was neatly par- 
celed out between different formations of plants. Ecologists were in- 
vited to explain why this should be true. A working hypothesis was that 
parameters of climate, particularly the availability of water and temper- 
ature, set the boundaries for plants; vegetation maps could thus be used 
to draw climatic maps. In a very general way the climatic maps were 
useful, suggesting that the general hypothesis that vegetation belts were 
correlated with climate was sound, but this was only a very general 
conclusion. Real vegetation types usually grade one into another so that 
it is impossible to tell where one formation ends and another begins. 
The boundaries drawn by map-makers were usually arbitrary. This was 
for long not realized, however, the boundaries being thought to be real. 
The experience of botanists working on high mountains encouraged this 
error for the vegetation of mountainsides seemed truly to be set out in 
discrete blocks, but the distinctness of belts of mountain vegetation has 
now been shown to be a myth. Plants are distributed up and down 
mountains according to their individual tolerances, producing a spec- 
trum of distribution. The apparent distinctness of the vegetation belts, 
when viewed from afar, is largely an optical illusion as the eye picks out 
bands where individual species are concentrated. The same is true of 
distributions on continents where mixtures of individual kinds of plants 
grade one into another, but across whose gradients the map-maker has 
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drawn a line. Yet there are natural barriers such as mountain ranges 
which do divide formation from formation, and it has recently become 
apparent that climatic fronts may also serve as discrete physical bound- 
aries that are recognized by plants. The circulation of the atmosphere 
divides the earth into more or less discrete climatic regions providing 
more or less discrete areas for plant and animal life. 


The vegetation of different parts of the world looks different. In the equa- 
torial basins of the major continents, Africa, Asia, and South America, are 
forests of enormous trees whose thick trunks rise like columns from the 
gloom of the forest floor until the first branches are reached perhaps a 
hundred feet from the ground. Full-grown American elms or English oaks 
could be fitted under the lowest branches of these trees. They are 
evergreens whose interlocking canopy of leaves blocks out the sun and 
allows only a dim green light to penetrate, producing an effect below that 
the African traveler Stanley (1890) likened to the interior of a great cathe- 
dral, the rising Gothic columns of which were illuminated only by 
windows of green stained glass. Lianas trail from the upper branches 
where their leaves are in the light, and large epiphytes (literally “on- 
plants’) grow attached to the branches of the forest giants. There are 
layers upon layers of plants between the canopy and the ground, but the 
ground itself is bare, being but sparsely covered with small plants. These 
forests are called “tropical rain forests’’ (Figure 2.1). 

North of the tropics, in the temperate regions of Europe and eastern 
North America, where most ecologists have worked, there are still forests 
but they look very different. The trees are not the same shape, and they 
are deciduous. Small creepers and epiphytes such as lichens and mosses 
may still be found, but they are not so conspicuous as in the rain forests. 
There is a richer vegetation on the ground below, which is often covered 
by a carpet of herbs. The general appearance and feel of the forest is 
something quite different. Such a forest may be called ‘temperate 
deciduous forest’ (Figure 2.2). 

Blocks of rain forest or deciduous forest may spread for hundreds of 
miles without notable changes in their appearance. It is true that in a big 
area there is much local variation, either because of the works of man or 
as the pattern of the land is broken up by swamps, mountains, and river 
valleys. But rain forest or deciduous forest may be so much the norm over 
whole countries that the shapes of trees and forest may seem almost to be 
part of the national character. 

Where the territory of the temperate deciduous forest approaches that 
of the rain forest are signs of one forest type tending toward the other; the 
trees of the Carolinas, for instance, are larger and more draped with 


Tropical rain forest in the Congo. Tall, broad-leaved evergreen trees, often with 
spreading buttress roots like that in the center of the photograph, form the high 
canopy of the forest. These trees have long straight trunks with few lateral branches, 
but they are often festooned with lianas and epiphytes. Smaller trees and shrubs 
make successive layers of patchy canopy under the canopies of the tallest trees. The 
forest floor, although carpeted with herbs, may be surprisingly open. Such forests are 
hard to photograph from inside because so little light penetrates the successive layers 
of canopy, and photographs like this one have only usually been taken where people 
have been clearing or thinning the forest. 
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Temperate deciduous forest; a beech (Fagus silvatica) wood in France. The trees are broad- 
leaved, but deciduous, and there are less layers of canopy than in the tropical rain forest, The 
only epiphytes apparent are lichens and mosses on the trunks of the trees, and the forest 
floor is well-covered with herbs and shrubs. Such a forest in Europe is certain to be second 
growth and to have been managed by foresters. It is likely that a virgin forest in such a place 
would have much larger trees and perhaps more undergrowth. But the “feel’” of this forest is 
yet quite different from the more closed evergreen forests of the wet tropics. Various inter- 
mediate forms can be found in intervening latitudes. 


epiphytes than those of New Jersey. But we are denied looking to see 
what really happens where the forests meet in America by the insertion of 
the Isthmus of Panama between them. The Sahara Desert and the Medi- 
terranean Sea likewise separate the forests of Europe from the rain forests 
of Africa, again denying us the chance of looking for a vegetation bound- 
ary. Only in Southeast Asia does a continental landmass connect temper- 
ate northern lands to the rainy tropics, and there the forests may be seen 
to blend over a gradient of hundreds of miles. But over most of the world 
these main forest types are isolated by geography, letting you map the 
bounds of each type with ease. 

Some of the places where other blocks of vegetation meet are more sat- 
isfactory for a geographer, because the vegetation itself seems to provide 
you with nice boundaries that you can map. North of the deciduous 
forests of temperate New England lie the boreal forests of Canada. Instead 
of being bushy-topped, the trees are mostly of the triangular Christmas- 
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Boreal forest in the Pacific Northwest. The trees are evergreen, cone-shaped, needle-leaved, 
and branched over most of their height. They grow close together and there is little sign of 
layering in the canopy of the forest. The whole form of the forest is starkly distinct from that 
of temperate and deciduous forests. 


tree shape, standing in dark-green brooding ranks (Figure 2.3). The 
change from the one kind of forest to the other may be startlingly swift. If 
you drive a fast car northeastward through New Hampshire and Maine, 
and on to New Brunswick, you may skip through the transition without 
being aware that you are upon it. There has been some merging of the 
forests, some mixing of outliers in the two blocks, some alternation of 
patches of one forest type with the other, but it has yet been a remarkably 
sudden transition. A few miles of road are all it takes. And yet to get this 
effect you must choose your crossing place well. Far into New Brunswick 
there are maple woods, and even walnuts and elms along the broad 
valley of the St. John River. There is a geographer’s boundary in places 
but the generality is a grand merging of vegetation types as in Southeast 
Asia. 

The trees of the boreal forest are evergreens, as are those of the tropical 
forests so many hundreds of miles of deciduous forest away. They branch 
low and are relatively close-packed. Climbers are absent and, apart from 
lichens, epiphytes are insignificant. The ground is carpeted brown with 


Figure 2.3 
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needles and has a different array of understory plants. The change to this 
from deciduous forest is remarkable, particularly for a traveler who has 
found one of those lucky places where the change is abrupt. But a more 
remarkable change still can be found a few hundred miles to the north. 

The territory of the boreal forest is hundreds of miles wide, but eventu- 
ally it meets the completely treeless vegetation of the tundra. There are 
many miles of transition, of ever scrubbier, ever more isolated, patches of 
trees. Even when the open tundra seems to occupy nearly all the land, 
there will be lines of spruce trees fingering out along the rivers, and 
woods of alders or poplars in hollows or sheltered places. The vegetations 
blend as if stippled together. But there is something dramatic about the 
changeover all the same, for one vegetation type is a forest and the other 
has no trees. To be with a tree or without a tree; it seems an un- 
compromising sort of choice. A map-maker must itch to draw the line 
between them, and this itch may be encouraged by the existence of 
places where the vegetation types do meet locally as the deciduous forest 
meets the boreal forest in parts of Maine. But the reality is a generous in- 
terfingering between the forest and the open tundra, an interfingering 
spread over many miles. 

For all that these various blocks of vegetation generally merge in ways 
which must frustrate a map-maker, the distinctness of each general type 
seems Clear. If you traveled the earth in bounds of several hundred miles 
at a time, you would be frequently set down in vegetation that was un- 
compromisingly different from what you saw at the last stop. You would 
get an impression of a world set out into different blocks of vegetation, as 
by a giant gardener who had yet been a bit careless about the edges of his 
plots so that the plants sometimes got mixed up. It is the difference in 
form of these different blocks of vegetation that are so obvious to us, 
which leads us to call them formations. The succession of formations 
between the equator and the Arctic is roughly mirrored in the Southern 
Hemisphere, although the absence of large landmasses makes the pattern 
less complete. There are also some other formations that are more ir- 
regularly scattered about the world, but which have distinctive form and, 
if not with territorial integrity, are yet typical of large areas. These are the 
formations of desert plants, prairie grasslands, savanna, and the sclero- 
phylous bushlands variously called chaparral (California), maquis (Medi- 
terranean), Mallee Heath (Australian), and so on (Figures 2.4, 2.5). 

The naturalist travelers of the eighteenth and nineteenth centuries saw 
these strikingly different kinds of vegetation and brought back to their 
European universities the news that the vegetation of the earth was par- 
celed out into ‘‘formations.’” They drew maps showing the extent of each 
formation. Now drawing a map involves drawing boundaries. Where 
there are real boundaries on the ground this is easy. But what if there are 
no real boundaries on the ground? A vegetation map-maker could plot 
the position of the tree line well enough, if he had a few reports from 
places with abrupt treelines which he could plot and link up. But what of 
the grand transition between the temperate woods and the tropical rain 
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Tropical savanna in East Africa. The form of this vegetation reflects the pressures of grazing 
mammals and fire. Plants of the turf are cropped low or burned down. Scattered trees 
preserve their leaves only where they are out of reach of most of the animals, and they are 
thorny and with fire-resistant bark. 


forest? In America you could quickly draw a line somewhere through 
Mexico or Panama and have an answer that, at least, looked convincing. 
You could do the same sort of thing in Africa. But in Southeast Asia you 
faced a more serious problem. From the rain forests of Cambodia to the 
temperate woodlands of North China there were hundreds of miles of 
gradient of continuous change. To make your map, you must run your 
pencil through Asia, deciding a boundary that nature has not decided. 

Separating tropical and temperate forests was not the only difficulty 
that map-makers faced. Many of the lesser formations such as deserts, 
prairies, and moist coniferous forests like those of western America (Fig- 
ure 2.6) had no edge that you could see on the ground. There might be 
local edges set by landforms, or sometimes by where the fires of the last 
few years had burned themselves out, but on a continental scale it was 
more usual to find an interfingering or merging of the formations. Yet you 
had your map to make. So you drew your boundaries down what seemed 
to be the middle of the transitions. When you had finished, you had 
shown the world parceled out by formations of plants (Figure 2.7). Such a 
map reflected much underlying reality. There were blocks of vegetation 
of strikingly different form. These blocks were confined to broad geo- 
graphic regions. And occasionally there were places where a pair had 
remarkable geographic integrity, confronting each other face to face, like 


Figure 2.4 
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nations at a frontier. Why should the vegetation of different parts of the 
world look so different? Why should enormous stretches of land have 
vegetation of a special form? And why should the plants of different for- 
mations respect each others territory so? These questions were among the 
first to be tackled by ecologists, and the answers given were to influence 
the thinking of ecologists for a century. 

In 1855 Alphonse de Candolle made the first serious attempt to answer 
some of these questions. He was a taxonomist, an herbarium botanist 
who traveled little but who had at his disposal the great Paris collections 
representing all the known plants of the world. From this material he set 
out to compile his “Prodromus” (de Condolle, 1824-1873), the last at- 
tempt by one man to describe all the plant species known to science and, 


Figure 2.5 

Sclerophylous bushlands, chaparral of California (A), maquis of the Mediterannean (B) and 
mallee heath of Australia (C). The forms of these bushlands, on different continents and 
made up of different species of plants, have much in common. They are gnarled and 
twisted, rough and thorny. The leaves tend to be dark and are hairy, leathery, or with thick 
cuticles. All grow in places with hot dry summers and relatively cool moist winters; a 
climatic pattern which is both rare and always accompanied with vegetation of this form. 
The ability to be able to map this particular climate by the extent of this particular formation 
became, perhaps, one of the most persuasive arguments for the hypothesis that the forms of 
plants reflected climate. 


15 
THE BROAD DIVISIONS OF 
THE EARTH 


16 
THE ECOLOGICAL SIDE 
OF GEOGRAPHY 


Figure 2.6 


Moist coniferous forest in California. The trees are tall, as tall or even taller than 
those of the tropical rain forest, but they are needle-leaved conifers whose individ- 
ual shapes are like the trees of the boreal forest. There is often an understory of 
smaller deciduous trees up to 20 feet high and perhaps a dense undergrowth of 
bushes. Forest of this form once covered the coastal strip of western North America 
from northern California to southeastern Alaska. Climatologists used its extent to 
map the wet foggy coastal climate. 


in doing so, he became aware of the ecological problem of the forma- 
tions. Some aspect of the weather seemed the obvious general answer. 
Shortage of water, due to physiographic features, should certainly be the 
explanation of desert formations and, perhaps, of grasslands, but some- 
thing else was needed to explain the rest. De Candolle sought the answer 
in temperature (de Candolle, 1874), supposing that there must be critical 
changes in the heat regimen at particular times of the year that accounted 
for the changes between one formation and another, The climatic data 


available to him, of course, were scanty, and his attempts to draw 
isotherms which should coincide with formation boundaries were not 
lastingly successful, but the attempt was on sound ecological lines (Figure 
2.8) A general hypothesis of climatic control had been put forward and 
then an attempt had been made to narrow this down to limiting factors of 
the environment, water and heat. 

No more detailed explanation for the existence of formations and their 
apparent boundaries was forthcoming for a long time, but de Candolle’s 
work became, instead, the basis of climate maps. Mapping so fluid a 
thing as climate was a very hard task in the nineteenth-century world of 
few weather stations. By comparison, mapping vegetation was easy. If 
climate was the explanation for changes in vegetation, then vegetation 
was conversely the key to climate. So climatologists could use vegetation 
maps as a base for climatic maps. 

More than half a century after the publication of de Candolle’s treatise 
on plant geography, Vladimir K6ppen (1918, 1844, 1900) used de Can- 
doile’s classification of vegetation to found the modern systems of clas- 
sifying climate. De Candolle had ordered the formations according to 
their supposed heat-loving or drought-tolerating qualities; rain forests 
being formations of megatherms, deciduous forests of mesotherms, 
deserts of xerophylls, and the like (Figure 2.9). K6ppen simply called the 
climate mapped by the boundaries of a megatherm formation an ‘‘A”’ 
climate (mercifully ignoring the opportunity to air his Greek), that of a 
xerophyllous formation a ““B”’ climate, that of mesotherms a ‘‘C’”’ climate, 
and so on. Suffixes that served to subdivide each type resulted in the 
K6ppen climatic system which is the basis of all modern classifications 
(Figure 2.10). Unnumbered meteorologists have learned and used this 
system. It works. There can thus be no doubt that the extent and rough 
limits to formations are determined by climate. 

This conclusion is satisfactory as far as it goes. The remarkable discov- 
ery that the earth had been parceled out between different sorts of plants 
ceased to be remarkable when we found that climate was parceled out 
into roughly the same-sized blocks. Our vegetation maps had become the 
necessary outcome of things such as Coriolli’s force and the spread of 
mountain ranges. But ‘climate’ is too general an explanation to give 
much intellectual comfort. Why do different climates require different 
forms of plants? Why do formations commonly grade together after being 
recognizable over continental expanses? And why, on the other hand, 
must there sometimes be natural boundaries between formations so that 
plants as different as maple trees and spruce trees face each other like 
rival armies at a disputed frontier? 

Although the distinctness of form of any one formation is so obvious to 
the eye, the description and classification of form is a difficult matter 
rather akin to describing the uniqueness of human faces. An obvious 
tactic is to rely on notably different plant shapes and to talk of spruce-tree 
forms, palm-tree forms, and so on, but such classifications soon become 
confused with familial classifications; they classify evolutionary affinities 
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A vegetation map of the earth. This is the sort of map that evolved from attempts to plot the 
boundaries of formations. The real distinct boundaries that geographers can use are those 
between land and sea, along deserts or beside mountain ranges, and the main shapes on this 
map are familiar enough, within continents as well as between them. Where geography has 
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not helped, so that vegetation manifestly grades from one formation to another, the map- 
makers have yet had to draw a line between formations. A map like this shows the vegeta- 
tion of the earth to be more neatly set into compartments than it really is. (Redrawn from 
Dansereau, 1957.) 
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Figure 2.8 De Candolle’s division of the earth according to the properties of plants. The broad extent of 


formations was thought to be set by temperature, except that shortage of water set the limits 
of plants of hot deserts (the xerophiles). De Candolle’s ideas forshadowed the attempts of 
ecological biogeographers like Allen to show that the forms of life on earth were distributed 


re in latitudinal bands. The hypothesis that formation boundaries could be correlated with 
temperature and water led to the use of vegetation maps as the basis for climatic maps. The 
isotherms shown here are those suggested by De Candolle but are plotted from modern 
meteorological data. 


rather than functional shape, and they assign the majority of plants to a 
few common groups. Attempts of this sort have been made ever since the 
time of the Napoleonic wars when the great traveler von Humboldt 
(1807) made the first. But no such system has come into general use. 
Stylized sketches of plants in profile are often used as an aid to descriptive 
writing, and their construction is a useful aid to analytical thinking, rather 
like the police exercise of putting together an identikit drawing of a 
wanted fugitive. Figure 2.11 shows how sketches of this kind can be used 
to reveal the main features of formations, and Figure 2.12 shows the 
formalized version of such a system which has been put forward by Dan- 
sereau (1951). But to be a real use to ecology, the units of form chosen 
must clearly represent function. We know the forms are there. Now we 
want to know why they are there. 

The Raunkiaer (1934) system for classifying life-forms has been the 
most illuminating, even though it approached the problem indirectly. 
Raunkiaer reasoned that the aspect of form which could be most surely 
correlated with function was that which set the position of the peren- 
nating organ. Since all weather is variable, plants must be equipped to 
overcome the most unfavorable season to which they are exposed, and 
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De Candolle’s plant groups as the basis of the Koppen classification of climate. De Candolle 
noted that plant formations occupied wide areas which seemed to be characterized by 
climate. He sought to describe the plants of each formation by their heat and water 
requirements. His formation tables and five major divisions were later used by Képpen to 
map and classify climate. The success of the resulting climatic classification as a working 
and predictive tool successfully tested the De Candolle hypothesis that the rough extents of 
formations were set by climate. 


such seasons for many plants are, in fact, so unfavorable that they last it 
out ina state of dormancy. Deciduous trees lose their leaves in winter and 
grow new ones in the spring; for them the perennating bud (literally ‘‘the 
bud which helps them through the year”) is the leaf bud. It is high and ex- 
posed. The perennating bud of a daffodil, on the other hand, is in the 
bulb. It is hidden in the ground and thus presumably is protected against 
the dangers of the unfavorable season. All the plants of an arctic tundra 
have their perennating buds buried or very near the ground where they 
are somewhat sheltered. On the other hand, most of the buds in a rain 
forest are high in the air and clearly exposed. Raunkiaer erected a number 
of classes, at first five and later more, defined by the degree of exposure of 
the perennating buds in the unfavorable season. Unfortunately he fell to 
the lure of bastard Greek and we must learn of cryptophytes (hidden 
plants), hemicryptophytes, and the like. The whole shape of a plant is so 
dependent on where it keeps its perennating bud that Raunkiaer had 
provided us with a realistic classification that both reflected form and 


catalogued function (Figure 2.13). 
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Figure 2.10 Climates of the earth mapped under the Koppen system. Képpen worked on the hypothesis 
that the boundaries between different kinds of vegetation were set by climate. His climatic 
maps were essentially vegetation maps, and the similarity between this figure and a forma- 
tion map (Figure 2.7) is obvious. But climatologists found the Képpen system useful, 
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suggesting that the earth might really be divided into vague climatic regions each of which 
resulted in a special kind of vegetation. Correlation of K6ppen’s units of climate with units of 


vegetation is shown in Figure 2.9. 


Figure 2.11 


Figure 2.12 


Tropical rain forest 
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Elevation sketches of temperate deciduous forest and tropical rain forest. Notice the 
extra horizontal structure in the rain forest illustrated by the drawings. Such sketches 
are of practical use in field work because they may help in making analytical descrip- 
tions. There have been attempts to substitute formal systems of symbols for semi- 
realistic sketches like these, as shown in Figure 2.12. Upper diagram from Beard, 
1966 lower diagram from Billings, 1968. 


Dansereau’s symbols for describing vegetation. A system to transform realistic profile 
diagrams of the kind shown in Figure 2.11 into a formal graphic language. Each descriptive 
term which a botanist normally uses is assigned a symbol and these are clustered on a shape 
drawn to scale on squared paper. Assuming that the scale used here is one division to 1 m, 
the plant at the left of the bottom row is a tree 8 m tall, deciduous (because the circle is not 
shaded) and with broad membranous leaves. Growing on it is a smallish liana, also 
deciduous. This graphic language could be used by field groups compiling data for a com- 
puter study. It has not come into wide use, however, partly for the reason that people are 
seldom ready to learn another's new language but more because it has been realized that 
refined description gives little help to answering grand ecological questions like why the 
plants are shaped as they are and why they live as they do. (Redrawn from Dansereau, 
1957.) 
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Figure 2.13 


Deciduous woodlands, Germany Rain forest, British Guiana 
22 


. Epiphytes (0) 

. Phanerophytes 27 
. Chamaephytes 
. Hemi-cryptophytes 
. Geophytes 

. Therophytes 


66 


39 


ao fPwWwn = 


Raunkaier’s system of life forms. Each category is defined by the relative exposure 
of its renewal (perennating) bud, from phanerophytes with the buds high in the air 
to geophytes with the bud well buried and therophytes with the bud in a resistant 
seed, Each formation was found to have characteristic proportions of each type of 
plant. The bar diagrams at the top of the figure reveal that buds are generally more 
exposed in a tropical rain forest than in a deciduous woodland of a temperate 
country. (Redrawn from Odum, 1959.) 


Plants of several of the Raunkiaer categories commonly live together in 
one formation, as is readily apparent from thinking of the temperate 
forests where there are trees with their buds high in the air, low shrubs 
with buds near the ground, and varieties of spring flowers with buds more 
or less hidden in the soil, so that one can only separate formations by the 
preponderance of one category over another. The tundra has a higher 
percentage of species with buried buds than does the deciduous forest, 
which has a higher percentage than does the rain forest. 

Raunkiaer expected that the percentage composition of life-forms in 
each known formation would be characteristic, that each of the known 
blocks of vegetation would turn out to reveal its own life-form spectrum. 
And so it proved. The work of Raunkiaer himself and of many of the bota- 
nists of his period who followed in his footsteps showed this without a 
doubt (Cain, 1950). Each formation to which de Candolle had ascribed a 
heat-loving name and to which Képpen had ascribed a climate, could 
also be given one of Raunkiaer’s Greek tonguetwisters to describe the 
prevailing life-form spectrum (Figure 2.14). 
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Ecology seemed to be advancing nicely toward understanding the map 
of the earth. The bounds to formations were set by climate. The essential 
characteristics of form could be understood as adaptions to the harshest 
parameters of climate. And the limits to life-forms as measured by an ob- 
jective statistical approach also turned out to correspond with Képpen’s 
climatic maps. Very nice. But ecology had fallen into a trap of circular 
reasoning. The original vegetation boundaries had been drawn not by na- 
ture but by map-makers. These same boundaries were then used to draw 
the boundaries of climate, and then again were used to draw the limits of 
life-form classes. It should not be surprising to find that these three sets of 
boundaries were superimposed! What ecology had shown by this exer- 
cise was that there was, indeed, a broad correlation between the plants of 
a place and the weather of a place. On the grand-scale, maps of climate 
based on the plant geographer’s boundaries were useful. And on the 
grand average, life-form groupings based on the adaptations of plants to 
adversity did reflect those same boundaries. But this was not to say that 
the world was really parceled out to grand nations of plants, the forma- 
tions, each with territorial integrity like that of a nation-state. Ecologists 
had made the mistake of imagining real boundaries between collections 
of averages. 

There were clear excuses to be made for ecologists in falling into this 
error. The first was that not all the boundaries drawn on vegetation maps 
were artificial. The boundaries separating the northern and southern 
edges of the boreal forest in North America, for instance, were real if dif- 
fuse. So were many of the boundaries made by the sweeps of prairie fires 
and the crests of mountain ranges. The mistake was to assume that all 
boundaries were as distinct as these; and, furthermore, to make light of 
steady changes in composition that took place across the length and 
breadth of all formations, even those with definite natural edges. As soon 
as the overseeing role of climate was properly understood, it should have 
been evident that vegetation changes must be gradual, because climate is 
a diffuse and changeable thing. But this diffuseness of climate and geog- 
raphy on a continental scale was further kept at arm’s length by another 
related and perplexing phenomenon. This was the zonation of vegetation 
on high mountains, a phenomenon that seemed to provide powerful extra 
reasons for believing that vegetation did exist in discrete blocks. 
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Correspondence of vegetational and altitudinal vegetation belts. Climbing a mountain 
seems to take you through a series of belts of vegetation comparable to the belts encoun- 
tered in a journey northward of thousands of miles. This finding greatly enhanced the belief 
that vegetation was distributed about the earth in belts, the boundaries of which were set by 
temperature. Gradient analysis has since shown that the belts are not distinct but that there 
isa grand merging both up mountainsides and across continents. (Developed from an origi- 
nal diagram of Wolcott.) 


Many men have looked at mountain ranges from a distance, and re- 
marked at the bands of color that their flanks display. Vegetation belts ap- 
pear to be stacked one on another, all the way from, perhaps, a lowland 
forest out of which the mountains grow to the alpine meadows and 
snowcaps of the summits. As you look from a distance, you can trace with 
the mind's eye the lines where the belts of vegetation meet. Here is a phe- 
nomenon, well-known and apparently definite enough. Not only does 
vegetation change with altitude but it seems to exist in discrete belts, the 
edges of which can be sketched by a man who views them from across 
the valley. Why should this be? What accounts for those dividing lines 
on the mountain? And there is more to the problem than this. The succes- 
sive belts encountered on the ascent of a high mountain run parallel to 
the succession of formations encountered when traversing a continent 
from south to north (Figure 2.15). If you can see the boundaries on the 
mountainside, why should similar boundaries not be present between the 
continental formations? 

Zones on the flanks of high mountains became of particular interest to 
ecology as a result of the work in Arizona of one man, C. Hart Merriam. 
Merriam was charged with a biological survey of part of Arizona in 1889, 
in the pioneer days when the region was still biologically unknown. In 
one season, the young Merriam (1890) brought back 20 new species and 
subspecies of mammals. But he was particularly impressed with the vege- 
tation belts he encountered on the ascent of the 13,000-foot San Fran- 


The Sonoran Desert. The plants are spaced out, with bare ground showing between them. 
Parts of the plants are thick, spiny, and thorny, and the whole appearance of the formation is 
distinctive, Yet the San Francisco Mountain rises out of this desert formation to where boreal 
and arctic formations clothe its upper slopes. Attempting to separate the vegetation of this 
mountainside into distinct units led to the concept of life zones. 


cisco Mountain. The mountain had its roots in the Sonoran Desert, a 
landscape studded with cacti, including the famous saguaro, and with 
leathery or thorny scrubs (Figure 2.16). This desert is left behind as you 
start to climb, and soon you are in oak scrub. At 6000 feet you are in pine 
forest, there are streams of water and rising fragrance from a carpet of 
needles underfoot. From the thirsty desert below you seem to have been 
transported to Canada, but all you have done is to climb a few thousand 
feet, to move yourself less than a mile. If you go higher still, the almost 
pure pine stands give way to a forest of Douglas Fir, then to spruce trees, 
and finally to a tree line at 12,000 feet. Above this is a rough flowering 
turf, a type of vegetation having a distinct resemblance to the tundras of 
the true Arctic and containing many of the same species of plants. Mer- 
tiam described the main aspects of each piece of vegetation with care. He 
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Merriam’s life zones on San Francisco Mountain. 


also collected animals, particularly mammals, within each vegetation 
belt, noting that there was a characteristic mammal assemblage for each 
(Figure 2.17 and 2.18). Each belt of plants and animals he called a life 
zone. Merriam knew that he had to be a bit arbitrary when he drew 
boundaries between life zones, particularly because many animals wan- 
dered up and down the mountain. But the vegetation was a guide, so that 
the task of mapping did not seem hard. When he had finished, he had a 
set of life zones, each separated by lines on his map, each with a charac- 
teristic flora and fauna, each comparable to the life of one of the great 
continental formations. Merriam mapped all of North America into life 
zones, each having plants and animals comparable to those of one of the 
zones ringing the mountains of the Southwest (Figure 2.19). Then he 
looked at his maps, saying to himself: “These boundaries | see before me 
are natural boundaries; what sets them?’’ As de Candolle had, he sought 
an answer in temperature. 

Since Merriam’s life zones were defined by animal collections as well 
as by plants, he could achieve a better intuitive idea of how the changes 
of temperature might operate than could de Candolle. It is easy to imag- 
ine how small changes in temperature might have dramatic effects on the 
lives of such things as short-lived rodents when the possible effect of simi- 
lar changes on forest trees is obscure, Merriam suggested that an animal 
might be able to live in the coldward direction until the temperature of 
the breeding season was too low for reproductive success. Thus there 
might be a distinct northern or upward limit to the spread of the species. 
Life in the heatward direction should be possible until a place was 
reached where the heat of the hottest part of summer became intolerable. 
Thus each species of animal was sandwiched between the place where it 
was too Cold in the breeding season and the place where the heat of 
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The ranges of mammals with altitude in the Yosemite region of California. 


(Redrawn from Allee et al 1949.) Notice that the ranges of the animals overlap. 
There is a gradient, not a series of disjunct populations as Merriam postulated. 
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Map of the life zones of North America as proposed by Merriam. 


summer was too intense. This was a sound ecological hypothesis, em- 
bodying the idea of threshold requirements for critical activities in the 
lives of animals. Merriam followed up the idea by recording daily temper- 
atures of the various zones, both in the breeding seasons and in the hot- 
test weeks of summer, and by drawing isotherms that should define the 
places on the ground in which each collection of animals could live. He 
expected that these isotherms would coincide with his zone boundaries, 
when he would claim that the limits of his life zones were, indeed, set by 
temperature. 

In the event Merriam never succeeded in his attempt to match 
isotherms to life zones. Mathematical errors were found in his 
published attempts, and he never announced the results of recalculation 
(Figure 2.20). But there were much more serious criticisms to be made of 
his methods than mere arithmetic error. That animals should have their 
distributions set by the air temperature during critical moments in their 
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Merriam’s retraction of his original plot of isotherms correlating with life zone 
boundaries. The promised recalculation of isotherms was never published. 


lives was reasonable, but what possible reason was there for whole 
collections of distantly related animals recognizing exactly the same tem- 
perature limits? Merriam never suggested a reason. Nor has anyone else. 
The whole thrust of biological thinking is that different species have 
evolved, by natural selection, different tolerances. This is why species 
exist. But Merriam was supposing, as had de Candolle before him, that 
the same tolerances were shared by all the animals and plants of large 
areas. Such a conclusion should have been unacceptable to a student of 


the theory of evolution. eae : 
Merriam and de Candolle have not been the only biologists to try an 
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match isotherms to the boundaries on their biogeographic maps. At- 
tempts of this sort are still sometimes made, for the compulsion is strong. 
There on the map in front of you lie the boundaries, between life zones, 
or formations, or biotic provinces (Dice, 1952), or whatever the clas- 
sification might be. You must explain these boundaries somehow. The 
boundaries usually run along lines of latitude or round mountains, and it 
is common knolwedge that it gets colder as you go north or up. So you 
explain your boundaries with a temperature hypothesis, and try to test the 
hypothesis by plotting isotherms. But it is much more fruitful to question 
the existence of the boundaries themselves. 

If you climb one of Merriam’s Arizona mountains, you will learn that 
the edges of his life zones are very hard to find on the ground. The cactus 
desert (the Sonoran life zone) merges, interfingers, and grades into the 
oak scrub above it. You have to climb hundreds of feet before you are 
sure that you have crossed from one life zone to the next. Higher up the 
mountain it is worse, so that you might want to put a thousand feet 
behind you before you feel confident that the oak scrub of the Transition 
life zone is well behind you, and that you may now take out your camera 
and record for posterity a perfect example of a pine forest in the Canadian 
life zone. The zones merge together; it is only the map-maker who sets 
them so sharply apart (Figure 2.18). 

And this is reasonable, because there should be gradients on the side of 
a high mountain. Climb it and you find that the environment changes 
gradually. The air gets steadily colder. The winds get steadily fiercer. You 
may encounter an abrupt change as you enter the base of clouds perched 
on the heights, but otherwise the climatic changes are gradual. So, surely, 
should the changes in vegetation and fauna be gradual. But why, if this is 
true, do we get the impression of discrete belts of vegetation, since we | 
really are able to detect the different belts when we look at our mountain- 
side from across the valley? 

This question has been answered for us by a group of modern botanists | 
generally referred to as the ‘‘continuum analysis school,’’ notably by R. 


H. Whittaker (1967). Whittaker starts by noting that what a viewer from 
across the valley sees is mostly just the trees. On mountains with ap- 
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parently well-pronounced vegetation belts, like those of Arizona, there 
are not many species of trees present. Suppose each species were to be 
distributed up the mountainside according to its individual and specific 
tolerances, then a graph of its abundance plotted against altitude would 
probably look like Figure 2.21. 

There would be individual trees that had extreme tolerances, but 
most would be grouped round the optimum conditions for the species. 
Other tree species would have different optimum requirements, al- 
though the needs of the extreme individuals of different species should 
certainly overlap. We might expect the distribution of three species of 
tree up a mountain to look like Figure 2.22. 

The actual number of trees in any place does not change in this system, 
and there is much overlap in the distribution of neighboring species. But 
there are clear regions around the optimum for each species where there 
are almost pure stands. Someone looking at the mountainside from across 
the valley sees a succession of distinct lines denoting the optima. If the 
trees were of different colors, as for instance in New England in the fall, 
the effect would be of a row of colored bands. There would be a fuzzy 
region between the bands, where the populations overlapped, but the eye 
would make light of this. Whittaker likens the effect to that of the light 
spectrum thrown by a prism. There are not really distinct colored bands 
ina light spectrum, merely a continuous gradient of wavelengths. The eye 
breaks this spectrum up into distinct units. Whittaker put forward the 
hypothesis that mountain zones, like those of Merriam, were similar 
illusions in which the map-maker aided and abetted the original ob- 
server. He has tested this hypothesis with painstaking samples of plant 
abundance both in the mountains of Appalachia and the American 
Southwest (Whittaker, 1956; 1967; Whittaker and Niering, 1965). The 
technique is to measure the percentage composition of plants in the dif- 
ferent vegetation layers at many sites up the side of the mountain and 
then to plot the relative importance of each along the gradient. In every 
instance the work shows that each plant species is separately distributed, 
and that the distributions of each overlap. No matter how distinct the veg- 
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Figure 2.23 _ Distribution of tree species on a slope of the Great Smoky Mountains in Tennessee. The per- 
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centage compositions of the forest were calculated from sample counts of trees more than 
one centimeter in diameter 4 feet from the ground. The forest was sampled at 100 meter 
elevation intervals. Four tree species out of the sample are shown here. There are no distinct 
vegetation belts, for the distribution of each species grades into that of its neighbors. A dis- 
tant observer might well resolve points a, b, c, d as the middles of separate vegetation belts: 
a, hemlock; b, Halesia monticola (the distribution of which is bimodal); c, lime; d, moun- 
tain maple. (Modified from Whittaker, 1956.) 


etation ““belts’” may seem from across the valley, the supposed bounda- 
ries cannot be found by measurement on the ground. A typical result, for 
trees in the Great Smoky Mountains of Tennessee, is given as Figure 2.23. 

Discrete zones of life on mountainsides are thus largely an illusion. 
There may be some real abrupt changes, as when different rocks or 
drainage patterns meet, but these are the result of changes in the physical 
habitat and are not a property of plants or isotherms. And the tree line 
near the summit may be distinct enough, perhaps being set by physical 
factors such as the cloud base or the sandblasting of flying ice crystals. 
But otherwise the vegetation and the animals it shelters are not collected 
into discrete zones. 

Yet many maps are still based on Merriam’s system of life zones. This 
may be partly because Merriam rose to be head of the Biological Survey 
and directed field work on lines of his own choosing so that all the pio- 
neer studies used it. But it also reflects the fact that the system is decep- 
tively convenient. The compiler of a field guide who believes in life zones 
need only find a few records of an animal to assign it to a life zone. He 
then maps its total distribution. The final map may well look pleasing in 
the guide. Unfortunately, it will be wrong. 


If, as gradient analysis suggests, even the “banded’’ vegetation of moun- 
tainsides does not really exist in discrete blocks, what about the forma- 
tions themselves? Are the divisions between these imaginary also? It is 
true that climatic maps based on botanical maps do provide a useful 
guide to climate; but we should expect grand climatic gradients across 
continents, not disjunct regions. If climates merge, then formations 
should merge also. Are formations mere map-maker’s conventions, like 
the life zones on a mountain? Some of them certainly grade into one 
another, as do the forests of Southeast Asia. But what of more abrupt 
boundaries like that which you cross to enter the boreal forest of southern 
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Distribution of the tree line in Alaska. Notice that the tree line runs parallel with the west Figure 2.24 


coast of Alaska. This encouraged Hopkins’ temperature hypothesis because coastal areas 
have maritime climates with summers that are cooler than those of the interior. Dots are the 
sites of weather stations whose data were used to calculate degree-days. (Redrawn from 


Hopkins, 1959.) 


Canada, or that delight of map-makers, the tree line? These boundaries 
are not all illusion, if somewhat diffuse. How can we resolve the evidence 
for gradients with the existence of formation boundaries such as these? 
Some of the most recent insights into this problem have come from 
studies along portions of the arctic tree line where the boundaries 
between formations seem most distinct. 

The tree line of northwestern Alaska is irregular, first running from the 
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Figure 2.25 


The arctic tree line. The forest on the right, the tundra on the left, and a good enough separa- 
tion between them to please any map maker. In such places formations almost seem to face 
each other like rival armies at a disputed frontier. This part of the tree line is in Alaska. The 
tall trees are black spruce (Picea mariana), but there are several kinds of broad-leaved 
bushes in the forest also. The lines of small bushes in the tundra will be growing along 
drainage channels, and the open tundra, which looks grassy, will be humpy, a mixture of 
grass and sedge tussocks with prostrate woody plants like dwarf birch and blueberry. 


Canadian side westward, but then curving south to run parallel with the 
seacoast (Figure 2.24). It became the particular study of an Alaskan geolo- 
gist, David Hopkins. Hopkins’ interest in this biological question came 
from the fact that he found fossils of late Pleistocene trees several 
thousands of years old in places that are now in the tundra, and he 
wanted to know what he could infer about the climate when the fossil 
trees lived. So Hopkins addressed himself to the problem of the modern 
tree line, and he tried the now familiar hypothesis of temperature 
(Hopkins, 1959). He had many meteorological stations in Northern 
Alaska on which to call, some in the tundra, some in the forest. The 
winter temperature should surely be unimportant, since it was likely to be 
below zero atall sites, at which temperature a few degrees one way or the 
other are unlikely to make much difference. So he looked for an index 
reflecting the amount of warmth received by the different sites in summer 
and found it by calculating degree-days when the mean daily tempera- 
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Forest boundaries and air-mass fronts in eastern Canada. The tree line and the southern edge 
of the boreal forest are perhaps the most distinct of continental vegetation boundaries. The 
plot shows that they closely follow the mean positions of the front of the arctic air mass at 
different seasons of the year, This study of Bryson’s provides direct evidence that extents of 
the Canadian boreal forest and tundra are directly influenced by the sway of an air mass 
(Redrawn from Bryson, 1966.) 


ture was more than 50°. If a site had only a week when the mean daily 
temperature was 55°F, Hopkins said it had 7 X 5 = 35 degree-days over 
50°F. Alll the forest sites in his survey had more than 130 of these degree- 
days whereas all the tundra sites had less than 130 degree-days. It seemed 
as if temperature might have something definite to do with these bounda- 
ries after all. But how could temperature change abruptly, moving from 
one region to another in, say, less than a mile? This question seems to 
have been answered by the work of the Wisconsin meteorologist, Reid 
Bryson. Bryson (1966) devoted much thought to the problem of, perhaps, 
the most remarkable formation boundary of them all, that where the 


Figure 2.26 
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boreal forest of central Canada meets the tundra in a nice mappable 
boundary hundreds of miles long (Figure 2.25). This tree line lies some- 
where in the path of the front of the arctic air mass as this sways north and 
south across the continent, now receding before the advance of the 
Pacific air mass from the southwest, now advancing as the Pacific air 
mass recedes. An air-mass front is scarcely a stationary thing like a tree 
line, but it is a disjunction, even though having appreciable thickness. 
By the arduous process of trajectory analysis, from many stations and 
the records of 10 years, Bryson established the average position of the 
arctic front, both in summer and in winter, The average summer posi- 
tion coincided beautifully with the tree line (Figure 2.26). In winter, of 
course, the arctic front lies further to the south. Bryson’s 10-year average 
drew it neatly along the boundary between the boreal forest and the decid- 
uous forest. Two formation boundaries had thus been shown to coincide 
with the mean position of an air-mass front during a major portion of the 
year. Such a conclusion offers comfort to those who have long thought 
that temperature has something to do with formation boundaries because 
the temperatures on either side of an air-mass front may differ widely. 

But Bryson also used temperature as an indicator of the presence of an 
air mass that was independent of his trajectory data. The passage of fronts 
past his many stations would be recorded by changes in temperature so 
that Bryson could calculate the mean positions of fronts from his tempera- 
ture data alone. And the positions calculated in this way coincided with 
those calculated by trajectory analysis and with vegetation boundaries. 

There is nothing in Bryson’s work to suggest that temperature rather 
than some other parameter of an air mass is the factor most affecting veg- 
etation. He just shows us that a disjunction of climatic parameters exists 
where our formations change. The plotters of isotherms, and the calcu- 
lators of degree-days, may have been doing no more than recording 
fronts for themselves, whereas the plants were more affected by other 
qualities of the air masses than temperature. But Bryson had shown us 
that there could sometimes be disjunctions in the air, in spite of its 
fluidity. Discrete formation boundaries might truly reflect discrete cli- 
matic boundaries. For the tree line itself, work on the heat balance of 
plants suggests that the temperature of the air masses may, indeed, be 
crucial (Chapter 20). Other growth forms than trees might be more con- 
cerned with different properties of air masses, such as moisture or wind 
speed. 

But how does vegetation detect the 10-year mean position of a front 
that is continually moving? The answer to this riddle probably lies in the 
slow generation time and rate of spread of the major units of the forma- 
tions, the trees and other perennial plants. Ten years is a short part of the 
generation time of a forest. No doubt the formation boundaries are not 
his pes ereanariog and waning at a rate that produces changes 
Bi seeeiq ron 0 a human lifetime. Fluctuating boundaries are in 

ith more swiftly fluctuating fronts. What we see as 


The pattern of the earth’s climate revealed by clouds. The photograph was taken by an earth 
satellite crossing the equator over Brazil in November 1967. Sets of such photographs may 
show directly the patterns of climate which were earlier mapped by plotting the approxi- 
mate areas of pieces of vegetation. Note particularly the mass of cloud that hangs over the 
tropical rain forest of the Amazon basin. (NASA photograph.) 


a discrete boundary is just one temporary position in an always-moving 
edge. 

Other formation boundaries have not yet been investigated by mete- 
orologists in so detailed a way, so it remains uncertain how many can be 
neatly correlated with the mean positions of fronts. It might be particu- 
larly worthwhile to examine some of the boundaries in drier areas where 
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Figure 2.27 
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THE TERRESTRIAL 
PATCHWORK QUILT 


fire is known to be one of the agents in controlling the extent of particular 
formations. The American prairies are formations in which fire is a 
frequently recurring, and hence normal, part of the environment. Where 
the fires no longer often reach is the boundary with forest. It would be 
very nice to know if some such boundaries could be correlated with air- 
mass fronts, or whether perhaps the boundary is set by the random history 
of fire in a climatic continuum. 

But most of the formation boundaries of the earth are probably not dis- 
tinct. The vegetation of one region grades into that of another, letting us 
tentatively conclude that the sway of climate is usually less predictable 
than in the Arctic. There are few discrete air-mass boundaries on the earth, 
so that there are few discrete vegetation boundaries. But this does not 
invalidate the general hypothesis of there being large regional patches of 
vegetation, distinguished by form, and acquiring their distinctive appear- 
ance because of their adaptations to prevailing climates. Global vegeta- 
tion maps, however arbitrary their divisions, are a useful base for climatic 
maps. It follows that formations, broadly defined, are real entities. 


Geographers present us with an earth which is a grand patchwork quilt of 
air masses. The circulation of the atmosphere effectively divides the sur- 
face of the earth into a number of separate compartments or environ- 
ments for life. Climatologists first identified these compartments from veg- 
etation maps, but now you can see some of them from satellite pho- 
tographs; the cloud formations give them away (Figure 2.27). Usually 
there are broad gradients between compartments, and gradients of vege- 
tation in consequence, but in parts of the Arctic the compartments may 
be more neatly divided. 

But it is important to notice that the distinctive appearance of each of 
the resulting formations results from the adaptations of individual plants 
to conditions of the local climate. The formation looks as it does because 
the local plants share common adaptations to common environmental 
problems. A formation as a unit is no more than a conception, a human 


impression of the way plants look when they are all forced to adapt to a 
common environmental reality. 


Vegetation and climate, so intimately linked, are collaborators in 
making the soil. Soils are formed by processes working from above. If 
the vegetation is coniferous forest, the ground will be covered by fallen 
needles which rot slowly, making the cold drainage waters of the region 
acid. The cold acid water percolates through the mineral soil bleaching 
it and giving the soil profile a characteristic appearance. Where the 
broad leaves of deciduous trees fall in warmer climes, the percolating 
water is less acid, there is less bleaching and earthworms live to dig and 
churn the soil. Where rainfall is very heavy, chemical changes go 
deeper. The warm rains of the tropics dissolve silica minerals and leave 
iron behind to stain the soil red. In the drier climates of prairies water 
does not penetrate far and leaves behind it layers of precipitate. The 
grand result of processes such as these is that each large formation of 
plants is roughly mirrored by the characteristic soil type covering a cor- 
responding area. The way in which the climatic pattern of the earth 
results in a characteristic pattern of life is thus enhanced. Climate influ- 
ences vegetation which influences soil which, in turn, influences vegeta- 
tion. The study of the formation of soil also reveals that all agriculture, 
and hence the livelihood of our kind, depends on the top 2 feet of the 
earth surface. Some forms of agriculture proceed by mining the 
resources of that top 2 feet and thus cannot continue indefinitely. 
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If you dig a trench in any well-vegetated place, you reveal a succession of 
layers in the soil. At the surface there is a litter of dead or rotting plant 
parts, and underneath are one or more distinctly different layers that sepa- 
rate the surface litter from the subsoil a few feet down. Sometimes these 
layers are sharply distinct, other times they merge gradually one into 
another, but always it is apparent that they have been formed within the 
subsoil by weathering processes working down from the surface. They 
are not strata in the geological sense, because they are not separate 
deposits. It is convenient to have a special word to describe these layers 
which have been differentiated at the top of the subsoil, and they have 
come to be called “horizons” by soil scientists. The horizons of the soil 
have formed as rotting plant parts were mixed with the upper layers of the 
mineral soil, and as drainage water percolated down through the litter to 
work a slow washing and chemistry on the lower horizons. The thickness 
of earth affected by these processes constitutes the soil. The subsoil un- 
derneath is the earth from which the soil was made and is, therefore, 
called the “parent material.” 

Underneath the litter of leaves, the top layer of the mineral soil is col- 
ored and structured by the organic particles mixed into it by soil animals 
such as earthworms, or by roots, and by various organic materials 
produced by decomposition and collectively called humic acids. The 
percolating water, which is a solution of various substances washed out 
of the litter, dissolves anything soluble in the surface of the mineral soil 
and carries it down to deeper horizons. Percolating water also removes 
finer particles from the top horizons, particles such as fragments of clay 
minerals, and carries them physically downward. The horizons at the top 
of a soil profile which are being continually denuded in this way are 
called the “A” horizons of the soil. Underneath them is a horizon or 
group of horizons that have caught things which were washed down from 
the top, such as the particles of clay which were trapped in the spaces of 
the deeper soil as in a filter, and solutes which are redeposited over the 
immense surfaces of that same filter bed. The detailed chemistry of this 
process of redeposition is not always known, but the fact that it occurs is 
clear enough. The result is a horizon in which there has been redeposi- 
tion, and such horizons are called “B” horizons. Underneath them are 
unaltered parent materials, which are called the “C” horizons. Soils are 
thus in three parts: “A” horizons which include the organic matter of the 
surface but from which other material has been removed in the drainage 
water, “B”’ horizons which have collected material washed down from 
above, and ‘C’”’ horizons of unaltered parent material (Figure 3.1). There 
are many subdivisions of these horizons, by which individual soils are 
described and defined. 

Plants and animals living in the soil strongly influence the soil-forming 
process, and in doing so they directly affect the habitat in which they live. 
Much of the structure of the soil surface must reflect the sorts of plant 
pieces that are dropped there. The types of soil animals must also control 
structure and mixing, for such things as earthworms and soil arthropods 


\dealized soil profile. There may be several subhorizons in each of the main horizons and 
roots may penetrate them all, even deep into the parent material. There may be colored 
bands in each horizon, as some of the later figures in this chapter show. Finally the bounda- 
ries may be elusive. But the functional separations are clear enough: material is removed 
from A horizons, material is added to B horizons, and C horizons are essentially unaltered 
by processes acting from above. 


poe j 


do not dig and churn to the same extent, and the varieties of animals 
present, in turn, will be determined by the kinds of plant litter available to 
them as food. The mass of litter available will differ between different 
kinds of vegetation. And the type and quantity of solutes in the perco- 
lating water will also be dependent on the kinds of plant parts deposited 
and the manner of their rotting. In these various ways the appearance of a 
soil profile will be determined by the kind of vegetation that covers the 
ground. 

This controlling influence of vegetation can, perhaps, best be seen in 
soils under boreal forest. Here a leaf litter is the fragrant carpet of brown 
needles, so familiar to people of north temperate lands and so different 
from the mulchy litter of the deciduous forest to the south. The needles rot 
slowly, and in such a way that the water draining out of them is notably 
acid, commonly with a pH of about 4. Earthworms and other large dig- 
ging soil animals do not live in this acid litter, which is left to mites and 
other small animals that do not mix the surface layers of the soil. There is 
often a sharp discontinuity between the organic layer and the mineral soil 
beneath, and the influence of the vegetation on the mineral soil is almost 
entirely effected through the agency of percolating water. This effect is, 
however, profound. The acid water dissolves very many minerals from 
the lower part of the “A”’ horizon so that this may be bleached a whitish 
grey, and the colored minerals removed are then redeposited in the “B”’ 
horizon to such effect that this may be banded red and brown. The result 
is a striking soil profile of black rotted litter, whitish mineral soil, a 
brightly colored “B” horizon, and then the still different color of parent 
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Includes litter, humus and top mineral soil. A horizons 
A HORIZONS re those from which material is leached. 


Mostly colored mineral soil, but includes humus layers 
B HORIZONS and plant roots. B horizons are horizons of accumula- 
tion which receive materials washed out of A horizons. 


Parent material. Underlying rock base, broken by frost 
C HORIZONS or other deep weathering phenomena but essentially 
unaltered by leaching processes from above. 


Figure 3.1 
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material. Soils of this kind were first critically examined in the continental 
boreal forests of European Russia by a man who laid the foundations of 
modern soil science, V. V. Dokuchaiev. He used the local peasant name 
for the soils, a name describing the ashy appearance of the ground if you 
pulled a plow through the bleached “A” horizon, and such soils are now 
universally known as podzols, which means “ash-earth’’ (Figure 3.2). 

- A trench dug in any well-drained place in the northern boreal forest 
will reveal the profile of a podzol, sometimes more strikingly developed 
than at others but always clearly recognizable for what it is. The hues and 
depths of the horizons will vary as the parent material changes from one 
geological region to another, but the essentials of the podzol profile will 
be expressed at well-drained sites no matter what kind of rock lies buried 
below. Only if the ground is waterlogged are you likely to find trees of the 
northern boreal forest over soils without the characteristic look of a 
podzol, but this is because the necessary flushing through with soil water 
is prevented. On the nearest ridge to a black-spruce bog, where soil is 
raised above the water table, you will find a podzol. Soil men say that the 
Great Soil Group characteristic of the northern boreal forest is the 
podzol, conceding only that local factors like impeded drainage may 
inhibit its expression. 

A map of the northern boreal forests of Asia and North America is a 
rough map of the distribution of podzols. There can be podzols locally 
elsewhere, but not occupying very large areas. Some heath lands of 
northern Europe, with acid litter and leached soils, reveal podzolic 
profiles, and | have found a typical podzol profile under a shrub tundra 
growing on an old gravel beach ridge in the Alaskan Arctic. And south of 
the border of the boreal forest the podzols grade away into different soil 
types. But a crude map of the distribution of podzols can be made by 
drawing the boundaries of the boreal forest. No such approximation can 
be made by mapping geological formations. Apparently vegetation and 
Climate combined influence soil formation more than does the rock from 
which the soil is made. 

Under the mulchy leaf litter of deciduous forest, well to the south of the 
boreal forest boundary, a trench shows the soil profile to look quite dif- 
ferent. Rotted leaves at the bottom of the surface litter are mixed with the 
mineral soil so that there is perhaps 10 or 20 centimeters of dark fertile- 
looking earth, quite like the surface of a ploughed field or a garden. 
Earthworms, which live on the nearly neutral leaf litter, have done the 
digging and mixing. There is often little obvious sign of a bleached layer 
under this dark upper horizon, although a reddening of the “B’’ horizon 
further down tells of materials brought down from above. The colored 
minerals of the “B” horizon have been washed down in the percolating 
water and redeposited but not nearly to the same extent as under the 
needle litter of the boreal forest, and this more gentle leaching leaves the 
profile looking unlike that of a podzol. Under deciduous forest there is a 
gentle gradation of horizons with subtle changes of hues: brown litter, a 
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ygraphs were provided by the Soil Conservation Service, U.S. De- 


wirnent of Agriculture, courtesy of Dr. Guy D. Smith, Director, Soil 


y Investigations, Soil Conservation Service. 


Podzol from Northern 
France 

A needle litter layer (Ag) 
and a layer of black 
humus (A,) overlies a 
bleached A, horizon. The 
B horizon includes the 
reddish color of iron 
oxides brought down 
from above which make 
it more strongly colored 
than the parent material 
(C horizon) out of 
which it was made. The 
bleached A horizon is 
much paler than the 
parent material. 


Gray-brown podzolic soil 
from Minnesota 

There is a thicker 
humus-rich A, horizon 
than in the podzol, 
evidence that earthworms 
and other soil animals 
have mixed the surface 
litter more deeply into the 
soil. The bleached A, 
horizon is less 
pronounced, having been 
less completely leached 
than in a podzol, and the 
B horizon has received 
less iron and aluminum 
oxides from above which 
might color it. 


Terra Rossa from P: 
Formed under a wa 
climate than a gray 
podzolic soil, soils « 
Mediterranean regi 
likely to have lost 
relatively more silic 
reddening their ove 
color, It is likely the 
thousand years of 
agriculture have rest 
in erosion and oxid 
of their organic matt 
revealing the red cc 
their iron oxides anc 
resulting in a simple 
profile. 


jew 


Lato 
later 
Rice 
Cop 
selec 
mine 
and 
behi 
givii 
red « 
Org. 
deer 
ath 
horiz 


may 
in pe 
well 


w tropical 
»il, from Puerto 


opical rain 
lissolves silica 
id leaves iron 
ium oxides 
insoluble forms, 
haracteristic 
of tropical soils. 
itter is worked 
the soil giving 
vague A 
ve B horizon 
5 of feet thick 
arly 
d sites. 


Prairie soil from lowa 
Decomposition is slow in 
the dry prairie climate and 
a thick organic A, horizon 
collects. Leaching of 
minerals from the A 
horizons is slow, with a 
consequent poor 
development of the B 
horizon. 


Chernozem from South 
Dakota 

A pronounced 
development of a prairie 
soil in the drier parts of 
the prairies, Percolating 
waters that reach the top 
of the C horizon are 
usually drawn back to the 
surface as the soil dries, 
leaving their dissolved 
mineral load as deposits in 
the top of the C horizon. 
Commonly calcium salts 
are deposited in this way, 
resulting in a Ceq horizon. 
Sometimes calcium 
carbonate may appear as 
a more pronounced layer 
or as larger deposits in 
rodent burrows. 


dark mixture of mineral soil-and humus, the deep brown “B’’ horizon . 
where minerals and clay have collected from above, and thence, gradu- ~ 
ally, the parent material. In the American mid-west, such a soil is known 
as “grey-brown podzolic” (Figure 3.2), at its finest development, as 
in parts of Europe where it was first described, it is known as a “brown 
earth’. As with the podzols, there are local variants but the essentials of 
the soil profile may be found over the vast areas occupied by the forma- 
tion, and in many different geological regions. - 

Other formations are also associated with characteristic soils. Under 
tundra, the frozen earth impedes alike drainage, decomposition, and 
activities of soil animals. There is a characteristic simple profile; a layer of 
peaty plant parts, a thin layer of grey waterlogged mineral soil, and then 
the permanently frozen parent material. Under deserts the profiles are 
simpler still; a thin horizon of mixed organic and mineral fragments 
grading directly into the parent material. 

Under grasslands, such as the Russian steppe or the American prairie, 
is a more striking soil. Here rainfall is limited, and there is rarely much 
water to percolate through the soil. In spite of the low rainfall, there may 
yet be heavy showers, providing enough water at one time to penetrate to 
considerable depths before evaporation at the surface draws it back. A 
profile forms within the depth reached by the percolating water, but with 
some peculiar characteristics. Dead grass parts decompose but slowly so 
that a thick largely organic layer builds up at the top of the soil, forming 
the famous black earth of the wheat lands. This black peaty layer grades 
gently into mineral soil below and is mixed with it by burrowing animals, 
although this mixing is not done so thoroughly as in the wetter soils under 
deciduous forest. The result is a deep black soil, getting grey toward the 
bottom, although still dark, and then an abrupt termination when the line 
of lowest water penetration is reached. Here there may be a mineral 
band, often white with carbonates, where the drying water has left its 
load of dissolved matter, Below this, and sharply distinct, is the parent 
material. Such a prairie soil, or chernozem to give it its Russian name, is 
quite as characteristic of prairie as is a podzol of boreal forest, and it too 
may be crudely mapped by mapping vegetation boundaries (Figure 3.2). 

It must be obvious that vital soil properties are controlled by whether 
there is sufficient rainfall to flush through the soil all the way to the water 
table. If there is, a profile such as a podzol or a brown earth will be 
Produced. Such a soil loses minerals by solution continuously, and must 
have them replaced, mostly by the weathering of parent material, if vege- 
tation is to persist. But a soil in a place of low rainfall may never be 
flushed through. Solutes are merely carried to the base of the soil profile 
where they are redeposited as, most strikingly, ina chernozem. There 
must obviously be places where the rainfall is such that sometimes the 
soil is flushed through whereas at other times it isn’t, so that a hard dis- 
tinction between the two types of soil is not possible. But, for conve- 
nience, soil men talk of pedalfers, meaning soils that are flushed through, 
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and pedocals, meaning soils of dry (usually hot) places where the soil 
water is usually evaporated from above. Actually soil men do not talk 
about pedalfers and pedocals so much as they write about them in their 
textbooks. Like other artificial distinctions, the terms are more attractive 
to pedagogy than to practice. 

The rough coincidence of soil boundaries with vegetation boundaries 
can, in part, be explained as a direct consequence of vegetation itself, for 
different plants leave different litter, with marked effect on the soil 
animals, the pH of the percolating water, and the increment of organic 
matter to the soil. But it is also clear that climate exerts a direct effect on 
the soil. The cold of the Arctic shapes the soil by reason of the ice which 
blocks the drainage, and the low rainfall of grasslands determines the 
buildup of surface organic matter, just as it decrees that grass rather than 
forest shall grow there. 

But the direct effect of climate on soil formation is most clearly seen 
when the soils of the humid tropics are compared with those of well-wa- 
tered temperate regions. The leaf litter of a tropical rain forest does not 
look very different from that of northern deciduous forest, except that 
rapid decomposition makes it much thinner, but the dominant color of 
the mineral soil underneath it is red instead of brown or grey. This red 
color is the red of iron oxides, and mineralogical analysis quickly shows 
that the mineral soil, in fact, largely consists of various oxides of iron and 
aluminum without the silica minerals that are so prominent a feature of 
most unweathered rocks and that give the greyer colors to northern soils. 
The warm tropical water washing through the soil of a rain forest dis- 
solves the silica minerals and leaves the iron and aluminum behind. The 
cold percolating waters of the north do the reverse; they dissolve the iron 
and aluminum and leave the silica minerals behind, and the extreme ex- 
ample of this cold region process is that bleached layer of a podzol, 
which is sometimes almost pure silica. These solution processes are very 
slow, as may be readily realized when you consider that the tropical 
process implies the solution of something like glass in lukewarm water, 
and the detailed chemical mechanisms are not yet completely known. 
But there is no doubt that the temperature of the percolating water is 
decisive; that the cool rain of the northern forest leaves silica but removes 
iron whereas the warm rain of the tropics leaves the iron and removes the 
ee The deep red tropical soil so formed is called a latosol (Figure 

The oxides of iron and aluminum which are left behind by the 
weathering process of tropical soils are very resistant to further weath- 
ering. Should the local climate change from warm to cool, as has often 
happened during spans of geological time by processes such as continen- 
tal drift, some of the thick red laterites may survive as fossil soils. It is 
proper to think of this fossil red material as being the parent material of 
the new soils forming at its top. In places, the superposition of modern 
soil processes on fossil horizons weathered under different climates may 
produce confusing color schemes. Some of the gradations of yellow and 
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These diagrams summarize the hypothesis that mapping for- 
mations yields maps of climate, and that maps of formations 
and climates combined yield maps of the great soil groups. As 
a grand generalization the hypothesis provides a useful way 
of thinking about the earth. But it is well that we draw the 
earth as square, thus accentuating the fact that we are being 
idealistic. Few of the boundaries shown in these diagrams can 
actually be found on the ground. (Taiga, which appears in the 
top diagram, describes the belt of more or less open forest that 
commonly lies between the tundra and the closed boreal 
forest; many would include it in the term “boreal forest” 
when speaking in very general terms.) 
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GROUPS 


red soils in the southeastern United States may reflect the imposition of 
the transition climate of the region on a medley of fossil soil horizons. But 
local confusions of color are minor compared with the global patterns. 

It is possible to make a crude map of the Great Soil Groups of the 
world on the basis of a vegetation map. The distribution of podzols 
roughly reflects the distribution of boreal forest; of chernozems the 
prairies and steppes; of tropical red soils the tropical forests; and so on. 
Each area of such a map represents only a grand generalization, of 
course, because there is much local variation hidden by its scale. And the 
divisions between one soil type and another may be even harder to find 
on the ground than the division between some vegetation types. But the 
crude generalization remains. Soil men can map soils by mapping plant 
formations. Climatologists draw roughly the same maps from the same 
formations and call them maps of climate. Soil and vegetation between 
them affect greatly the lives of local animals; which, in turn, react on the 
vegetation and climate. And holding sway over all these interactions is 
the climatic pattern of the earth, a splendid if vague patchwork quilt of air 
masses stamping onto the geography of our globe a basic pattern of 
regions for life (Figure 3.3). 


The impressions that climate and vegetation have made on the mineral 
surface of the globe have been slowly made. Just a foot or two under the 
primeval litter is the raw unproductive crust of rocks, in a medley of 
varieties and patterns, all obscured by the work of vegetation. A thin 
brown layer of litter covers the earth, and in this we farm. Where we have 
inherited a layer a few feet thick, as where chernozems and prairie soils 
can be made to yield fortunes in wheat, we can proceed by mining the 
organic layer, carrying off at harvest time the vegetation that in past years 
went to restore the litter. The inevitable future for such wheat lands is the 
restoration of the ancient bare parent material. But in brown earths, things 
almost as striking are possible. It seems likely that the Mediterranean 
lands credited with the birth of modern civilizations, were once the 
homes of lush forests growing in brown earth soils. Then we cleared the 
forests and ploughed the land. The hot sun dried the surface, speeding the 
oxidation of the soil organic matter. Farmers carried off produce, making 
sure that organic matter was thus not returned. If you remove the organic 
matter from the “A’’ and “B” horizons of a brown earth you take away 
the brown. What is left is the red color of the iron oxide left in the “B”’ 
horizon by the leaching water. The result is the famous terra rossa (Figure 
3.2) of the Mediterranean, lovely to look at if you can stand the glare but 
not good for much else. A more extreme version of this history is the 
making of a desert by the ploughing up of land now supporting tropical 
forest, when you can lose the “A” horizon, the litter, and the hoard of soil 
nutrients almost completely (Chapter 14). In agriculture as in much else, 
Me Ihe in an ephemeral time of thriving on systems that must be short- 
ived. 


Similar formations on different continents look alike but may be made 
up of quite unrelated species. The similar appearance of these unrelated 
plants is due to parallel or convergent evolution. There are thus two 
ways in which botanists may seek to classify broad regions of the earth. 
Regions may be collected together because their vegetation looks 
similiar or because their plants are related to each other. These two 
methods of classification beget quite different results. The ecological 
system of classifying together plants of similar appearance is a natural 
and obvious one, but it is not as simple to do this for animals that cannot 
be seen so easily in the mass. Furthermore, the pioneer zoogeographers 
were principally interested in demonstrating the family relationships of 
animals as crucial evidence for the theory of evolution. Mapping animal 
distributions in an ecological way thus did not become common until 
the theory of evolution had become generally accepted. Even then the 
8reater ease of mapping plant distributions meant that animal maps 
would always be largely based on plant maps. Ecologists have found it 
useful to consider broad areas of the earth presenting common 
Problems for life as units, referring, for instance, to the “tropical rain 
forest biome.” Evolutionists and geneticists, on the other hand, refer to 
areas of common evolutionary history such as the “South American 
region.” Both are valid ways of looking at nature. 
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The great plant formations are so obvious a condition of our globe that 
they invite classification. Armed with a map of world vegetation, showing 
by its arbitrary boundaries the world parceled out into discrete blocks of 
vegetation, it is easy to order the blocks into formation types. The rain 
forests of Africa, South America, and Asia, for instance, are separated by 
thousands of miles of ocean, but they look so alike that it is easy to lump 
the plants of these distant places into one category called ‘‘the tropical 
rain forest.”” And yet the rain forests of different continents are made up of 
different species, often even of different genera and families. They are not 
closely related; they merely look the same. An evolutionist explains this 
as the result of parallel or convergent evolution. The conditions for life in 
these distant places were similar so that similar adaptations were evolved 
from different ancestral stocks. Classification of collections of plants 
along ecological lines into formations thus obscures the true family rela- 
tionships, and a map drawn by an ecological plant geographer will be 
quite unlike that drawn by an evolutionary (or floristic) plant geographer. 
These two attitudes to mapping are also possible for animal geogra- 
phers but, unlike their botanist colleagues, zoologists have argued hotly 
over which was the better way. Collections of animals are much less easy 
to map than are pieces of vegetation because they move, they hide, and 
they are often small. Zoogeographers usually have to work with groups of 
animals only, particularly with those that are well-known because they 
are big and obvious or those on which the geographer is a specialist but, 
even so, clear ecological classifications of the principle areas of the earth 
are possible. J. A. Allen, working on the bird collections at the Harvard 
Museum of Comparative Zoology, published such a classification (Allen, 
1871). He had noticed, as had many others, that you saw different birds 
in the different states of the eastern American seaboard; this was so even 
though many of the birds were migratory and flew north and south with 
the seasons. There were different lists of birds to be found at different lati- 
tudes and, furthermore, this was not just, a property of eastern America. 
The birds of the arctic parts of North America were similar to those of 
arctic Europe, Asia, and Greenland, so that a traveler across the arctic 
would find the birds always familiar. Then there seemed to be mirrors of 
the temperate American birds in the birds of Europe. And peculiar 
tropical birds like the toucans and hummingbirds of the South American 
rain forests had their counterparts in the hornbills and sunbirds of the 
Congo (Figure 4.1). Allen found it was possible to classify the birds of the 
world into “realms” that were roughly organized into latitudinal belts 
circling the globe (Figure 4.2). 
_ His was a day when biologists felt compelled to express their findings 
in grand statements called “Laws,” and Allen expressed his findings as, 
“The law of the distribution of life in circumpolar zones.” He had done 
essentially what the botanists had done with their formations, although 
the mobility of birds had left him with much less definite boundaries. But 
he was using the very material, vertebrate distribution, out of which much 
of the theory of evolution was still being established, and his maps were 
very different from those of the evolutionists. 


[ SOUTH AMERICA 


Collared Aracari Toucan Grey Hornbill 


Malachite Sunbird 


Long-tailed Hermit (hummingbird) 


Ecological equivalents from South America and Africa. Toucans and hornbills look alike yet 
belong to different orders. So do hummingbirds and sunbirds. An ecological biogeographer 
will want to classify the parts of the earth so that the functional similarities between 
members of such pairs are revealed. He is content to call equatorial forests of both conti- 
Nents containing birds which look alike parts of the tropical rain forest biome. Evolutionary 
biogeographers have objected to such classifications, preferring to separate South America 
from Africa as different regions because there birds and other living things are not closely 
related even though they look alike. 


Alfred Russel Wallace had deduced the theory of evolution indepen- 
dently of Darwin, and he had done it essentially from an insight into 
Zoogeography developed during his own travels (Wallace, 1876). Be- 
cause animals of isolated but similar environments were quite unrelated 
yet looked the same, it was evident that different stocks had evolved 
separately to the same end. The business of zoogeography must be to so 
map the world that the separate history of different landmasses should be 
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Figure 4.2 Allen’s zoogeographic realms. Each of these realms was erected to include birds and 
mammals which shared common adaptations, Like a map of formations, the main divisions 
fall naturally along lines of latitude. But Allen, working as a museum taxonomist as well as a 


geographer, was yet aware of the great taxonomic distinctness of the tropical continents, 
hence the separation of the tropical and south temperate realms into continental units. 


accentuated, and so all could see the truth of evolution. Wallace found 
his ideal system in the work of another bird man, this one working at the 
British Museum, P. L. Sclater (1858). The world’s birds were mapped in 
six regions, roughly corresponding to the continents (Figure 4.3). All of 
South America was one region, ignoring the fact that this vast area 
included rain forest (with its ecologically distinct birds), pampas (with its 
ecologically distinct birds), temperate forest (with its), and so on. Nearly 
all South American birds had clearly evolved from a common stock. The 
Amazonian birds were much more closely related to the Patagonian birds 
than they were to the birds of Equatorial Africa. This was what counted. 
The other continents were treated in the same way. It was rotten ecology 
but good classical taxonomy. 

When Wallace produced his great two-volume work on zoogeography 
in 1876, a work which is still the standard for the subject, he did so to 
reveal still more thoroughly the truth of evolution. He favored Sclater’s 
classification as doing this most clearly, and he applied it not only to birds 
but to all animals. As a first step he found it necessary to demolish the 
“rightness” of Allen’s ecological system and to do it in a way which 
should make the system seem ridiculous. There is a page of caustic writ- 
ing on the lines of, “Mr. Allen’s supposed law is merely . . . etc.” (Fig- 
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The zoogeographic regions of Sclater and Wallace. These regions were established because 
the birds and mammals of each continent or subcontinent were closely related to each 

_ other, even though they might have adapted to different ways of life. Use of this system by 
Wallace was one of the clues on which the theory of evolution was based. 


c 4 


3 

__ure 4.4). Wallace, of course, knew that the ecological classification was a 
} logical possibility, that similarly adapted forms could be classified 
together, but this was in truth the reason he was so anxious to discredit 
E the system. Classifying adaptations masked the evidence for evolution 

and was, indeed, the system long used by those who believed in special 
ie Creation. For them the toucans of South America were, in effect, the same 
< as the hornbills of Africa, and hummingbirds and sunbirds were also 
More or less the same. Wallace, and those like him, spent their lives 

struggling to*make certain that the great truth of evolution penetrated 
_ Mens’ minds. There was a special creationist bishop hiding behind every 

. Page of an ecological classification, and the interest of these classifica- 
tions was trivial compared with the importance of evolutionary truths 
“Which classification by family relationship revealed. 

_ The best zoological brains of the time were engaged in the examination 
Of evolutionary theory, and in exploring its ramifications in phylogeny 
and ontogeny, with the result that the study of mere adaptations, or 
ecology, received less attention. It still had its champions. Others besides 
len went on doing ecological geography, and among botanists it made 
‘the running. Allen responded to the Wallace strictures with more com- 
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Facsimile of a page from Wallace’s Geographical Distribution of Animals, 1876, in which 
he attacks the Allen ecological classification for obscuring evolutionary truths. 


ally his defense was taken up by a doughtier champion. C. Hart Merriam 
rested the general applicability of his life-zone system (Chapter 2) on 
Allen’s circumpolar zones (Merriam, 1892). The arbitrary zones into 
which Merriam had divided the side of an Arizona mountain could be 
compared with equally arbitrary divisions of the North American conti- 
nent into bands of latitude. Merriam used Allen’s maps of “realms” to 
guide him in extending his mountain life zones across the lowlands of 
North America. The result was the familiar pattern that underlies many of 


the distribution maps found in American natural history books (Figure 
2.17). Such maps, for all their shortcomings, are ecological maps that 
throw together animals adapted to common environmental problems, 
completely ignoring their familial relationships. There was no loud 
complaint from the evolutionists when Merriam’s work had reached its 
ascendancy at the turn of the century because the theory of evolution was 
then solidly accepted. There was no longer any need to fear an ecological 
classification. The two ways of classifying could coexist. 

Much of modern biogeography, both of plants and animals, has devel- 
oped from the familial classifications of Sclater and Wallace. The stan- 
dard works of biogeography, like those of Darlington (1957) and Good 
(1953), start their discussions with Sclater’s six regions. Each region sepa- 
rates a flora and fauna of common ancestry, and the biogeographer then 
proceeds to reconstruct history from the detailed distributions and family 
relationships within a region. He sees in the mind’s eye the common an- 
cestors diverging with time to occupy all the vastly varied habitats of a 
region. Then he traces the family contacts between the regions them- 
selves, working back further in time to develop a grand synthesis of life 
evolving and migrating throughout geologic time. In this grand synthesis 
the biogeographic region with which he started is but a temporary and 
imperfect grouping of animals and plants, physically permanent as long 
as the present pattern of continents persists but even then somewhat arbi- 
trary. The continents do not really exist in isolation from each other, 
nor do their living things. Continents always share some families, perhaps 
even genera or species. The region as a clearly defined entity in evolu- 
tionary time is thus a conception, an abstraction, an artifice that simplifies 
the complex pattern of life on earth. But a great truth is revealed by this 
abstraction; that things living in the same place are usually related to 
each other, whatever they look like. 

The “formations” of the ecological plant geographer are also abstrac- 
tions, for they too commonly grade into one another and must be imper- 
manent through geologic time. And a great truth is revealed by these ab- 
stractions also; that similar climates require similar forms of life, and that 
these will evolve no matter what the genetic constitution of the original 
inhabitants might be. The same could be said for the groups of animals 
collected in Allen’s “realms’” and Merriam’s “life zones,” but the great 
technical difficulty of plotting the distributions of animals has led ecol- 
Ogists to forbear developing maps of animal distributions very far. Instead 
they have conceded that the distribution of animals is so tied up with the 
distribution of the vegetation in which they live that it is best to accept the 
formation boundaries and to include the animals in the formation de- 
scriptions, The formations then become biomes, and people speak of the 
tropical rain forest biome instead of just the tropical rain forest. 

The word biome is useful for impressing the layman with superior and 
mysterious knowledge, but otherwise it is unfortunate. The word is redun- 
dant, since “the tropical rain forest biome” conveys no more to the 
reader than does “the tropical rain forest.” But the word is in current use, 
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Figure 4.5 


Facsimile of the first page of Henderson’s book, The Fitness of the Environment, 
1913. Henderson’s statement that the adaptations of animals could not be properly 
studied without examining the qualities of the environments in which they lived 
was central to the establishment of much of modern ecological thought. 


having replaced the easily understood term “formation,” and we shall 
have to live with it. The concept behind it is, however, useful, and central 
to much of ecological thought. There are great regions of the earth, 
roughly delimited by climate and sharing common environmental 
problems, in which life is lived in similar ways. “Regions’’ and “biomes” 
are complementary abstractions leading to different, but equally valid, 
truths. 

Ecology was finally removed from the disrepute that the accent on 


evolutionary studies had brought it by the work of a Harvard chem- 
mist, Henderson. Henderson (1913) wrote a now classic book called, 
“The Fitness of the Environment” in which he pointed out how well 
suited was the terrestrial environment to terrestrial life, in particular how 
the remarkable and unique physical properties of water at terrestrial tem- 
peratures were suited to the life of carbon chemistry (Figure 4.5). Before 
Henderson’s book appeared, studies of the goodness of the environment, 
of the life-supporting condition of the earth, had a biblical and nonscien- 
tific ring about them. Talking of the fitness of the environment was a bit 
like singing the lovely and rousing hymn: 


He sends the snow in winter, 
The warmth to swell the grain, 

The breezes and the sunshine, 
And soft refreshing rain. 


This was acceptable in church, if you did not mean it literally, but not 
acceptable in the laboratory. Nevertheless, animals and plants are 
adapted to their environments, so the converse must be true; that the 
environments are suited to them. Ecology studies the interaction between 
both; it must study the fitness of both. Henderson made it respectable to 
look at the environment once more. 
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Plants grow in communities that commonly seem to be dominated by a 
few plants, the ecological dominants. Since naturalists were long aware 
that different kinds of communities existed, even within the territory of 
a formation, ecology attempted to classify communities. The result was 
the subdiscipline known as plant sociology or phytosociology. One 
method of classifying was to list all the plants usually found with 
common dominant species and to take this list as a unit, thus the Beech- 
Maple Association. This unit is an abstraction to which real pieces of 
vegetation more or less conform. The Braun-Blanquet school at Zurich- 
Montpelier made complete species lists of similar pieces of vegetation to 
find character species other than the dominants, then used these to 
define another generalized unit to which real vegetation would more or 
less conform, also an abstraction called an association. An alternative 
plan was followed in Scandinavia where vegetation was less varied and 
less easy to examine in an intuitive way. Census taking by quadrat 
samples was used to discover the approximately complete species list in 
a locality, and this list was then taken to be the unit of classification. 
Called a sociation, it was defined by dominant and constant species. All 
these methods failed in their real purpose of discovering a grand natural 
ordering of plant communities in nature. The reality was eventually 
more clearly shown by the methods of gradient analysis which demon- 
strated that the composition of vegetation changes gradually as you 
move from place to place, unless there are physical boundaries in the 
environment. Plants are distributed according to their individual 
requirements. They are adapted to the presence of each other, pro- 
viding some of the familiar aspects of plant communities, but the com- 
munities themselves are not discrete units like taxonomic species. 


PREVIEW 5 


THE EXAMINATION 
OF PLANT SOCIETIES 


61 


62 


CHAPTER 5 


THE EXAMINATION 
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Plants grow in communities. An oakwood at the corner of an English farm 
isa community of plants, as is the woodlot of an American Midwest farm, 
with its prominent beeches and maples. The plants of a pasture are 
clearly another community, the member plants of which are mostly not 
those found in nearby woods. So much is common knowledge of botanist 
and layman alike. But how rigid is the constitution of these communities? 
Are all the oakwoods of a region alike, so that studies in one oak wood 
give results applicable to another oakwood? To what extent do the plants 
of one oakwood live there by accident, and to what extent are they com- 
pulsive oakwood dwellers, essential parts of the society of plants which is 
the oakwood community? May communities of plants be formally clas- 
sified as the species of plants and animals can be classified? The ap- 
proaches that have been developed to these problems can best be illus- 
trated by example. 

Woods left on good farmland in Ohio and neighboring states are likely 
to be beech-maple woods. There may well be a dozen or more tree 
species present, but the most obvious, because the most common, will be 
beeches and sugar maples. In a thorough study of 40 acres of beech- 
maple forest, A. B. Williams (1936) counted 3654 trees, 1920 being 
beeches and 1193 sugar maples. The remaining 541 trees were of 18 dif- 
ferent species. The beeches and maples are so predominant that there is 
clearly sense in calling this a beech-maple wood. Ecologists say that the 
wood is dominated by beeches and maples, that these trees exhibit the 
phenomenon of ecological dominance. There can be little doubt that the 
other plants of the wood are adapted to the presence of the abundant 
beeches and maples so that to describe them as dominants in this way 
good use of language. The beeches and maples determine the microcli- 
mate, and even the soil, to which all the other living things of the wood 
must adapt. 

Although the species of trees are few in the beech-maple wood, the 
varieties of other plants are numerous. There is much shrubbery; there are 
creepers; there are tangled brambles and herbs; there are the small plants 
of the woodland floor whose flowers and scent make the place so pleas- 
ant during two weeks of the spring. Excluding mosses, Williams listed 95 
species in his 40-acre lot. These plants are all part of the community that 
is dominated by the beeches and maples, and are thus in some way as- 
sociated with them. We may know from experience that many of these 
plants are to be found in other woodlots dominated by beeches and 
maples, that perhaps they may usually be found associated with them. 
We thus have an idea of a Beech-Maple community-type, or association. 
This idea is an abstraction. The actual community which we (or Williams) 
studied is a concrete entity (it was real enough to keep Williams painstak- 
ingly occupied for several years), but the idea of lots of communities con- 
forming to the same general pattern is a class-concept, an abstraction. 
Plant ecologists talk of this class or grouping of actual stands that are alike 
in important respects, as an association and identify it by the name of its 
dominant or most distinctive plants; thus the Beech-Maple Association. 


) 


The dominants need not be trees. A good sheep pasture of fescue grasses 
in Wales might lead to the idea of the Festuca ovina-Festuca rubra Associ- 
ation. 

The idea of the unit of vegetation being the association was developed 
during the first quarter of this century by a group of botanists working in 
the Alps and the south of France from institutes at Zurich and Montpelier. 
The most prominent of them was: J. Braun-Blanquet, director of the 
Montpelier Institute, who gave his and his institute's name to this 
“school” of plant sociologists, as they liked to call themselves. 

The Braun-Blanquet method was to make detailed descriptions ofa 
number of pieces of vegetation that seemed to conform to a general pat- 
tern, and then to compare the descriptions in search of common denomi- 
nators (Braun-Blanquet, 1932; Whittaker, 1962). Each description took 
the form of an annotated species list. The investigator, a trained botanist 
of judgement, first chose a patch in a local piece of vegetation which he 
thought was typical and which should be large enough to be represen- 
tative of all facets of the community. This was a purely subjective process. 
A rather large area would be sought in a forest, one big enough to be 
likely to include some of all the tree species present, but a much smaller 
patch should suffice for a meadow. In a recent American test by Ben- 
ninghoff (1966), a 4-meter square was thought large enough to describe 
the association of a field of corn (Zea mays). 

Once you have chosen your piece of vegetation, you proceed to list 
every species present in the patch. A species list alone is of only limited 
use; you need to know how important each species is. Its importance 
may be measured by its abundance, in the sense of the number of plants 
that are present per unit area, but also by the plant's size. One tree must 
mean more to the community than one lily. This extreme problem of size 
differences in a forest can be overcome by describing it layer by layer, 
first the trees, then the shrubs, then the ground cover, but the problem 
persists even in a relatively unlayered community like a pasture. One 
rosette-shaped dandelion spreads over much more ground than a thin 
wild onion, a fact that must surely be recorded. The problem is further 
compounded by the growth-form of such things as meadow grasses: how 
do you count grass plants? It is much easier to record how much ground 
they cover. The Braun-Blanquet answer to this problem is to consider 
cover and abundance together and to represent them by an arbitrary but 
carefully defined index. Against each plant name in the species list you 
place a cover-abundance index, a number between one and five, with 
“5” being the most important (covering more than three-fourths of the 
sampled area) and “4” next (covering one-half to three-fourths of the 
sampled area) and so down to one, For a whole series of descriptive in- 
dexes the Braun-Blanquet school set up five classes, a number chosen | 
believe because they had five fingers on each hand. For the cover-abun- 
dance rating, five turned out to be too few, and they had to add to the low 
enda “+” (for less important than 1”) and an “r’ (rare, usually only one 
example) (Figure 5.1). 
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Figure 5.1 


cover-abundance ratings according to following scale: 


Nwsbu 


=i 


covering more than 3/4 of the sampled area 

covering 1/2 to 3/4 of the sampled area 

covering 1/4 to 1/2 of the sampled area 

with any number of individuals covering 1/20 to 1/4 of the sampled 
area, or very numerous individuals but covering less than 1/20 of the 
area 

numerous, but covering less than 1/20 of the sampled area, or fairly 
sparse but with greater cover value 

sparse and covering only a little of the sampled area 

rare and covering only a very little of the sampled area (usually only 
1 example) 


(n.b. “+” is always spoken ‘‘cross’’) 


The sociability is estimated for each species in terms of another scale: 


HNwhu 


in large solid stands; very dense populations 

in small colonies or larger mats; rather dense populations 
in small patches or polsters; distinct groups 

in small groups or clusters or tufts 

growing singly 


Further symbols relating to the condition and vitality of the indi- 
vidual species, as those below, may be recorded beside the cover- 
abundance and sociability estimates. 


00 - very poor and especially not no notation - normal growth 
fruiting (e.g., +°° or 2°) 
0 - poor vitality (e.g. 1°) « - luxurious growth (e.g. 4*) 
g - germinating plant e - being driven out (by other 
plants) 
Y - young plant d - dying 
st - sterile def - defoliated 
bu - budding dd - above-ground organs dead 
or dried out 
bl - blooming s - present only as seed 
fr - fruiting # - specimen collected 


The descriptive indexes used by the Zurich-Montpelier school of phytosociology as in- 
terpreted by Benninghoff (1966). This is an arbitrary set of indexes, but one that has had 
such wide use in the literature that it should be used in preference to ad hoc systems. For the 
purpose of pure description it is the most expedient method, but it is well to remember that 
the labor involved in using it may be very great and that such description might only be 
woe when the object is to record for posterity the present condition of changing ves- 
etation. 


A list of all the plants found in a good example of the community, with 
a cover-abundance rating for each, became a useful piece of descriptive 
data, but they also went further. Some plants grow in clumps, that is, they 
are aggregated, while others are more usually found growing singly or 
scattered. Braun-Blanquet called this quality the sociability of the 
species, and rated it on the usual scale of one to five. A plant received a 
rating of ‘’5”’ if it grew in dense solid stands, but only of 1” if it was an 
evenly spaced loner. The sociability rating was always written after the 
cover-abundance rating, and separated from it by a stroke. In the Ameri- 
can cornfield used by Benninghoff (1966) to test the system, the corn plant 
was, of course, dominant, but it also appeared in the species list as: Zea 
mays 3/1, that is, it had a cover abundance rating of only ‘’3’’ since, 
although the commonest plant, it by no means covered nearly all the 
ground as it must to rate a “5,” and a sociability of ‘1,’ earned because it 
was evenly spaced and thus the extreme loner. 

A species list of a rich community annotated in this way is a formidable 
document, one that has required much labor. If compiled well it is a fine 
record for posterity; but the Braun-Blanquet school had more immediate 
hopes. The species list of one community might be compared to that from 
another community thought to be similar to see if there was validity in 
their abstraction of the “association.” They compared many such lists by 
a routine sorting process, essentially by visual inspection (Figure 5.2). 
Some plants turned up in only a few lists, some were often there, but a 
few were always to be found. Among these few were the dominants, but 
there were also other faithful plants that were thought to be of more inter- 
est. These were humble members of the community whose fidelity would 
not have been discovered without the listing technique. The faithful 
species were called the character species of the association. 

For the regions in which it was evolved, this system of describing and 
grouping plant communities into associations worked. The south of 
France is rich in plants, with many and varied plant communities of 
numerous species, and there is also the zoned vegetation of the Alps, 
rising like Merriam’s Arizona mountains from warm sunny places to the 
arctic-alpine vegetation above the tree line. The area had been long 
settled so that many interesting patches of vegetation were left as discrete 
blocks. The problem of what piece of vegetation to choose for a descrip- 
tion could be greatly simplified if there was but a small patch left, perhaps 
with a fence around it. Clearly defined pieces of vegetation could be 
comfortably organized into associations by this simple subjective ap- 
proach: find a good piece, decide on the size plot you need to sample, 
make your species list. Then go away and find another plot. Compare lists 
to find character species and from then on you only had to look in a 
doubtful community for your character species and, once you found it, 
you could immediately docket the community in your mind with others 
like it as part of a specific association. The method was purely subjective, 
but it worked. 

In a region with a less rich flora and with less patchy vegetation the 
method was not so attractive. In miles of unbroken boreal forest or peaty 


65 
THE EXAMINATION OF 
PLANT SOCIETIES 


66 


THE ECOLOGICAL SIDE 
OF GEOGRAPHY 


Lists of species present in ten cornfield communities in Michigan to illustrate the Zurich-Montpelier 
method. 


Zea mays (planted) B15 Pie AR FE | Rete 23.1. 3,1 a | 
Agropyron repens r.1oo+.3 +.2 r3 r1 Seam a2.2, +.1 +.1 
Ambrosia artemisiifolia rahi ht We ee (c/a 3 gale | Cok Reema OS MS oo 
Amaranthus retroflexus r1 See PM Pee 2° rt . Ta of 
Setaria glauca r2eich2 . . . Hsien QB) orke.1 +. 
Chenopodium leptophyllum | 3.2. * 2.2. 6.1 Sete oeSiniitslaes +1. +. 
Daucus carota ° 2.3 . ® rd . rd . +.1 +.2 
Cirsium sp. e 11 Co saat! . . rd . ei ce 
Chenopodium album . Tat ° r2 . . «+41 . . 
Portulaca oleracea ° ° ° (eS r2 . ° r.2 
Digitaria sanguinalis 2.2 . Si3wii ne 132er11 1s . ° ° . 
Panicum capillare Bee ite . . ° . . iii hi . 
Plantago cf. major . r1 . . . . . . ° iv 
Equisetum arvense ° rl . o +3 . . . . ° 
Xanthium chinense ° . . . . . . he] . . 
Amaranthus sp. ° rl . . ° . . . . ° 
Polygonum pensylvanicum . r2 . . . . ° ° ° . 
v. laevigatum 
Taraxacum officinale ° . ae | . . . . ° . 
Panicum dichotomiflorum ° ° . * +3 + °¢ . . . . 
(typical) 
Echinochloa crusgalli ~ ° . . . . . . ° rl 
Echinochloa pungens v. re2eal ° . . . ° . ° . 
microstachya 
Figure 5.2 The lists were each prepared from 4 X 4 meter plots, a size chosen intuitively, after which 


they were compared in quest of character species. The lists are already long, in spite of the 
simplicity of a cornfield, suggesting how complex they might become for wild vegetation. 
(From Benninghoff, 1966.) 


moor how could you make a value judgement on what was an associa- 
tion? The gradations were much more subtle, and yet you could be sure 
from botanical knowledge of the area that there were differences, that 
some communities of separate places were more like each other than 
their immediate neighbors. Such was the vegetation which confronted 
the botanists of Scandinavia at the time when Braun-Blanquet and the 
Zurich-Montpelier school were developing their lists a thousand miles to 
the south. The Scandinavians, too, wanted to see if unique vegetation 
types existed that could be classified into some natural order, but they 
had very different material with which to work. They solved this problem 
by taking an objective and quantitative approach to vegetation sampling. 
A school of plant sociology, a rival to that at Zurich-Montpelier, grew up 
at Uppsala in Sweden under the leadership of G. £. Du Rietz which 
sought to discover natural communities and their relationships from the 
data of random census (Du Rietz 1929, 1930; Whittaker, 1962). 


The main instrument of the Uppsala school was the quadrat sample, 
and their use of it can best be illustrated by considering a simple 
unlayered piece of vegetation like a meadow or a bog. A number of 
points in the area to be investigated are chosen at random and around 
each is marked a square of standard size, commonly a one-meter square. 
Some men found their random points and marked them out at one step by 
throwing hoops, regarding the plants enclosed by each hoop as a quadrat 
sample of vegetation. It did not matter that the quadrat was not square as 
long as the area was known. The botanist would then go to the first 
quadrat and make a complete list of all the species enclosed in it, noting 
the number against the area. He would then go on to the next quadrat, 
repeat the process, and so on. With each successive quadrat sampled his 
total species list would grow, quickly at first but then more and more 
slowly as he began to record most of the plants present in the area. When 
he hardly found any more he would stop, assuming that his species list 
was virtually complete and that it comprised a full account of the plants 
associated in his community. The list was as complete as Braun- 
Blanquet's lists but it had been compiled entirely by objective means. And 


Hypothetical species area curve as used by the Upp- 
sala school for determining both the number of species 
in the sociation and the minimum area of that socia- 
tion. Such a curve never becomes asymptotic to the 
horizontal because indefinitely increasing the area 
sampled will always bring in a few more species, but 
the curve does noticeably flatten out. This one seems 
to flatten at the point indicated by the arrow. There is 
an extensive literature about just how this point of flat- 
tening-out should be determined. Once agreed upon 
the right point, the minimal area and the number of 
species in the sociation may be read off. In this hypo- 
thetical example, there are 14 species in the sociation, 
and they may be found in 1 and % square meters. 
Evidently, we are dealing with some sort of (hypotheti- 
cal) pasture or other sociation of small plants. 


Figure 5.3 
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Number species 
~ 
oO 


24 6 8 10 12 14 16 18 20 22 24 
Number 3g meter square quadrats 
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the Uppsala botanist had also found the right-sized piece of vegetation 
needed to contain almost the full species list; it was the sum of the area of 
all his quadrats. This area he called the minimum area (Figure 5.3). 

The essence of the Braun-Blanquet system had been to say: “I am a 
good botanist, | see what is clearly a well-defined community, | place its 
boundaries so, now | will make a list of the plants contained therein.” 
This method, for all that it worked, was decidedly subjective. Du Rietz 
and his men of Uppsala could pride themselves that they, on the contrary, 
were more carefully scientific, with their lists and areas found by means 
of random census. They could also identify dominant plants by their 
sheer numerical abundance in the samples or by physical measure of the 
area of the quadrats they covered, although in practice the dominance of 
plants is usually so obvious that even the most determinedly objective 
scientist will accept the evidence of his eyes for this. 

Du Rietz could make many of these scientifically derived lists, just as 
Braun-Blanquet made many of his subjective lists, and compare them. At 
Uppsala, too, they looked for faithful species, but they did it on a percent: 
age basis, and instead of calling them character species, they called them 
constant species. A species that was found in every list was 100 percent 
constant. In practice these were rare, and Du Rietz accepted 80 percent 
constancy as sufficient to qualify a plant for the rank of constant species 
(which was a subjective note creeping in). Du Rietz was then in a position 
to start calling his communities, defined by dominants, minimum area, 
and constant species, ‘“associations’’ and to attempt to order them into a 
classification, just as Braun-Blanquet had done with his. The trouble was 
that they were quite different entities. Braun-Blanquet’s “association” 
was an abstraction to which he sought to fit communities, but the Du 
Rietz unit was a concrete entity which he had found by census, and it was 
in practice a very much smaller piece of vegetation than were the com- 
munities that Braun-Blanquet assigned to his “‘associations.’” The two 
schools could not use the same terminology without confusion, so they 
used it anyway and bucked the confusion. The matter was resolved at the 
Tenth International Congress of Botany in Brussels in 1910 when, by 
formal motion of the delegates assembled, the Uppsala school was as- 
signed the word sociation for their unit while the Zurich-Montpelier peo- 
ple kept association for theirs. | think the meeting must have been packed 
with Braun-Blanquet supporters. The temper of the congress may be in- 
dicated by a recorded reference of Braun-Blanquet’s to the Uppsala 
school as ‘Die Herren Quadratica’’ (the gentlemen of the quadrat) (Whit 
taker, 1962). 

It is to be remembered that many men were involved in this con- 
troversy. Dozens of men in various parts of Europe described vegetation 
according to the methods of one school or the other or, perhaps more 
often, by some hybrid system of their own. They invented much terminol- 
ogy and many other indexes, some by assigning ratings of one to five, 
others by deriving percentage classes from their census data. The botany 
journals are fat with their papers. In time, most of the more convenient as- 


pects of both systems came into general use. In areas of patchy vegeta- 
tion, particularly well-farmed areas, for instance, the subjective choice of 
a piece of vegetation is virtually unavoidable, but it is then often simple 
and reasonable to survey it by means of quadrat samples, with or without 
measuring minimum area. The descendants of the Braun-Blanquet school 
are not above using quadrats. 

Out of this “plant sociology” have come recognized and simple 
methods for describing vegetation, and wherever the systems have been 
used a clear record has been left for posterity. As the rapid spread of the 
human population destroys the remaining patches of complex and inter- 
esting pieces of vegetation, this is an important achievement. | would like 
to see teams of students trained in each of the schools sent to the last 
interesting places, to the Galapagos Islands, of whose unique vegetation 
there is still no description, and to Amazonia, so that we may leave to our 
next generations a record of what they were like. But in other ways the 
labors of these botanists produced only a meager intellectual crop. 

The most glittering possibility for the results of their work had been that 
the vegetation of the world could be ordered into a natural system, with 
the “associations” or ‘‘sociations” treated as the species of Linnaean tax- 
onomy were treated. They were to be grouped into ever higher units of 
family relationship in the same way that species could be grouped into 
genera, families, and orders. Linnaean taxonomy had led to the theory of 
evolution; what new truths might lie beyond the rainbow of plant sociol- 
ogy? But experience was not to reward these hopes. Many systems of 
classification were proposed, but none stood, and the names used are 
known only to a few specialists. Often the units of real vegetation had no 
definite boundaries but rather merged into one another. Where bounda- 
ries did seem distinct, they could be ascribed to physical changes in the 
environment, to changes of rock, soil, or exposure, or to the sorts of 
climatic changes we find at the few distinct formation boundaries. Braun- 
Blanquet acknowledges this in his book summing up his life’s work 
(Braun-Blanquet, 1932). The communities he studied occupied distinct 
habitats, but the parameters of the habitats usually defied measurement. 
He was reduced to using the plant communities themselves as a measure 
of the habitat, as indicators of environment rather as meteorologists used 
the formations, The distinctness of communities was limited to the dis- 
tinctness of habitats. 

The work of the plant sociologists may usefully be compared with that 
of the plant geographers who preceeded them. If you devise a classifica- 
tion based on the general appearance of vegetation, on its physiognomy, 
the natural result is the formation. You have very large units in your clas- 
sification because the vegetation of very large tracts of land, being sub- 
jected to a common climate, looks similar. But if you allow floristic 


uniformity to be your principal criterion, then your units are smaller. 
Requiring that your patches of vegetation have common eae 
but sti 


species results in a unit considerably smaller than a formation, 
large enough, a unit like the Beech-Maple Association, and other forest 


69 
THE EXAMINATION OF 
PLANT SOCIETIES 


70 
THE ECOLOGICAL SIDE 
OF GEOGRAPHY 


associations of the American botanists. Requiring common character 
species of lesser apparent importance than the dominants, as the Zurich- 
Montpelier school does, results in a still smaller piece of vegetation being 
called the critical unit or association. Finally comes the minimum area 
sociation chosen, stratum by stratum, by random quadrat census to 
produce yet another and finer classification. The exact criteria and quali- 
fications of these various units for vegetational analysis are of little theo- 
retical importance. What is important is to notice that the scale of each 
system resulted from the criteria chosen. The investigator made the 
choice. He was not in the position of Linnaeus describing discrete entities 
which nature had chosen for him. Plant sociologists were in reality 
confronted with an infinite variety of plant communities, no two exactly 
alike, none existing as discrete units in nature like biological species. 

An echo of this experience is found in the modern American school of 
continuum or gradient analysis (Whittaker, 1967; 1967). The assumption 
is made that, where there is no obvious physical barrier, the composition 
of communities will gradually change and that this gradual change will 
reflect an environmental gradient. This assumption can be readily tested 
against gradients of real vegetation in the field, and can be shown to 
apply whatever the scale of vegetation mapping undertaken. Most of the 
great plant formations grade into one another (Chapter 2), there only 
being distinct boundaries where there are environmental boundaries as 
for the Canadian tree line. The vegetation of mountainsides was shown 
not to be separated into distinct bands as Merriam had thought (Chapter 
2). And Braun-Blanquet’s confession, after a lifetime of work, that all the 
associations which he could recognize were defined by habitats, is com- 
patible with the same assumption. The composition of vegetation always 
changes gradually in space unless there is some discontinuity in the phys- 
ical environment. 

The grand lesson which plant sociology has for us is that plant distribu- 
tions are set by the environment and that each plant finds its own op- 
timum range. Familiar assemblages occur because many plants physi- 
cally affect the places in which other plants must live, providing microhab- 
itats to which other plants associated with them have become adapted. 
But the environment, acting on individuals, is the decisive factor in con- 
structing a community. 


Exciting to botanists were the changes that followed the colonization of 
fresh ground by plants. Such changes might take longer than a human 
lifetime, but their progress could be reconstructed from circumstantial 
evidence. Going back from the edge of a pond are concentric rings of 
vegetation which may be thought to be succeeding each other as the 
pond fills with mud and shrinks. A rather similar pattern of stages can be 
found round rocky outcrops where soil is being built up. Study of such 
sites suggested that the changes followed each other in orderly 
sequence. A typical sequence started with small herbs (the pioneer 
plants), progressed through small shrubs and ended with forest, after 
which changes were very slow or nonexistent. Botanists said a climax 
had been reached and that this climax was the end point of an 
ecological succession. The concept attracted very widespread interest 
when a dramatic succession was deduced to explain the development of 
a forest of beeches and maples on old sand dunes that are spread for 
many miles along the southern shore of Lake Michigan. Then it was no- 
ticed that similar successions took place on fields abandoned by agricul- 
ture. Many botanists accepted the idea that changes in vegetation were 
Usually orderly, predictable ecological successions. For some, notably 
the followers of F. E. Clements in America, the idea became the domi- 
nant philosophy of their discipline. This idea seemed to require that 
plant communities were discrete taxonomic entities, just as had the 
work of the European phytosociologists. Many botanists, however, were 
Convinced that all the phenomena of vegetation could be explained as 
the result of properties of individual plants. This view has been en- 
Couraged as it has become increasingly realized that the order of succes- 
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sions is by no means invariable. Even the succession of plant communi- 
ties which grow on the infill of ponds, the so-called ‘“hydrarch succes- 
sion,” seems to proceed in an almost random way, as has been shown by 
digging trenches in the mud beside English ponds and looking for fossil 
traces of past vegetation. Once ecological successions are seen to be the 
results of the dispersion and establishment of individual plants it be- 
comes possible to make conceptual, and even mathematical, models of 
the development of vegetation freed from the shadow of some orga- 
nizing principle. 


A pond is usually ringed about with concentric belts of vegetation. In the 
shallow water at the edge are floating leaves of such things as water lilies 
and Potamogeton, plants that take root in the bottom mud where the 
water is shallow enough, the rooted aquatics (Figure 6.1). Next to them is 
a ring of reedy marsh in which cattails, rushes, or sedges are the usual 
dominants. The soil between the stems is waterlogged and squashy, but it 
becomes noticeably drier as the outer edge of the ring of this community 
is reached. The first shrubs and small trees are now encountered, and 
these may be called the dominants of another of the communities ringing 
the pond. Typical of such communities are those dominated by willows 
or alders or, in the boreal forest, black spruce (Picea mariana). The soil is 
noticeably drier, although obviously peaty. Beyond this ring of damp-site 
shrubs may be found one of the more widespread communities of the 
local forest formation, whatever this may be. A transect from the open 
water of the lake to the trees behind thus passes in successive order a 
series of distinct plant communities; rooted aquatics, reedy marsh, and a 
community dominated by water-loving shrubs or small trees. The exact 
details of the communities, and their number, differ from place to place, 
but a comparable succession of communities may be found around 
ponds in any formation of wetter climates. 

Digging in the flat ground near any old pond unearths old swamp and 
pond mud, giving rise to the suspicion that the soil is the infill of an older 
and bigger pond. At the water's edge the filling process is obvious. Ponds 
fill with sediment, silt and debris washed into them by rains and the 
organic debris from life in the pond water. The pond shrinks and the 
shallows advance toward the center. As soon as each stretch of water 
becomes shallow enough, the rooted aquatics can be expected to grow. 
The stems of these plants must form a mesh in the water that should 
collect and concentrate settling particles, and the mass of their own root 
systems should further speed the process of building up the bottom mud. 
Soon the bottom is raised so close to the surface that the first reeds can 
take root. Their thicker lattice of stems, and the decomposing mass of 


The vegetation at the edge of a pond. In the water can be seen floating leaves of water plants 
which are rooted in the bottom mud. In the wet mud at the edge is a line of reeds, and 
behind them bushes and small trees which grow in damp places. Well away from the pond, 
on dryer ground, are trees of the local woods. If you choose a good spot on the banks of 
such a pond you can trace a line which goes successively through rooted aquatics, reeds, 
water-loving bushes, and finally the local forest. This observation gave rise to the hypothesis 
that these successive kinds of vegetation were succeeding each other in time also, as the 
pond filled with sediment and the encircling bands of vegetation constricted towards the 
center. 


their old stems and rhizomes, piles up the debris still more until the soil is 
firm enough to walk on. The plants of the shrub community can then 
grow. Deposition continues, so that the soil surface is raised still higher 
above the water table, affording a still drier site. The transpiration of the 
shrubs dissipates water to the air, lowering the water table under them. The 


73 
SUCCESSION TO CLIMAX 


Figure 6.1 


74 


THE ECOLOGICAL SIDE 
OF GEOGRAPHY 


soil may then be dry enough for plants of the surrounding forest commu- 
nity to grow. Examination of the successive stages has, therefore, allowed 
us to put forward the hypothesis that the pond is being filled and drained 
by the actions of a series of plant communities following each other in 
succession. 

This hypothesis has been so important to the development of eco- 
logical thought that it is best to have a clear idea of what it claims. The 
observation is a succession of communities in space arranged in concen- 
tric rings around a pond. But the hypothesis requires that there be a suc- 
cession in time also. The communities are supposed to succeed each 
other in orderly sequence, and furthermore each community prepares the 
ground for the next. Such a succession of plant communities through 
time, in which each successive stage is thought to be dependent on the 
one which preceeded it, is given the special name of an ecological suc- 
cession. The succession that is thus supposed to fill a pond commands 
the waters and so is called an hydrarch succession (Greek; literally 
“water commanding’). Each community in the succession is called a 
seral stage (from the same root as the English word “series’’). 

Other apparent ecological successions are familiar in most regions, 
one of the most notable being that which develops on bare rock. Look for 
an outcrop of ancient hard rock, such as granite or metamorphosed sand- 
stones. On the steeper parts of the sides there may be patches of bare 
polished rock which support no plants, not even lichens, but also there 
may be level places where a thin soil enables trees to grow. Digging 
through this thin soil, perhaps only 10 centimeters or 6 inches thick, 
may reveal rock as smooth and unfractured as that exposed on the steeper 
faces of the edges. The soil on which the trees grow has been built up 
on the surface of the rock with debris, and not made by erosion of the 
rock itself. Wandering about the outcrop will provide the evidence that 
shows how the soil had been built up. Next to the bare rock patches are 
patches of lichens and the low cushions of mosses called ‘‘moss pol- 
sters.’’ Cutting through a moss polster shows that a thin layer of soil is 
building under it, perhaps 2 centimeters of black humus rotted from dead 
moss and lichen parts but including grains of sand and silt caught from 
the wind or from the runoff waters of a rainstorm. Further away may be 
heathy plants and grasses, growing in soil now a few centimeters deep. 
Searching through this soil may reveal parts of the mosses that had grown 
there until they had covered the rock with a sufficient thickness of soil for 
the larger plants to grow. We can imagine that, among the stems of 
the grasses and heaths, the soil continues to thicken as the plants supply 
their dead parts, and as silt and grains of sand continue to be trapped. 
At last, the first shrubs grow, and then the trees. On the bare rock, 
soil has been produced by the actions of a series of plant communities, 
each so modifying the environment that another community can take its 
place. A bare rock is a desert place for plants, a dry desert place, so this 
succession is called a xerarch succession (Greek for ‘dry commanding”). 

This idea that plant communites succeed each other in time is an old 


one. It has probably come to the mind of every naturalist who has pon- 
dered the filling of a pond or the covering of a rock with trees. The great 
French naturalist Buffon noted that forest trees may succeed each other in 
some sort of regular order, and wrote about it as early as 1742. But as bot- 
anists began their attempts to classify plant communities, the idea began 
to seem more interesting. The communities of these supposed succes- 
sions were apparently distinct; at least, you could describe them well 
enough if you chose your place properly. And these apparently distinct 
communities were thought to be related to each other in a dynamic way. 
In many European botanical writings from about 1870 onward (Warming, 
1909) the idea of classifying pieces of vegetation by successional rela- 
tionship was inherent, but the most interesting attempts developed from 
later American work which sought to explain the existence of beech- 
maple forests on old sand dunes near the southern shore of Lake 
Michigan as resulting from a particularly dramatic xerarch succession. 

A broad belt of sand fronts on the southern shore of Lake Michigan, a 
belt in places several miles wide. On sites furthest from the lake, forest 
covers the sand, in places beech-maple forest quite like that growing on 
the rich moist soils of other places. But under this forest there are only 10 
centimeters of organic soil. Under this a probing spade finds only loose 
sand, a bit damp but otherwise similar to that of the modern beach 
fronting the lake. Once the site of the forest had been a sandy beach. It 
had been abandoned as currents in the lake built up the beaches of the 
southern side over the years, causing the shoreline to retreat steadily 
northward. But how had a beech-maple forest established itself on 
the shifting dunes that could be expected behind an abandoned 
beach? 

This problem was tackled at the turn of the century by Henry S. Cowles 
(1899), a professor of the young University of Chicago. Careful field ob- 
servations led him to infer that the beech-maple forest was the climax of a 
long succession of events, of an ecological succession. Beyond the storm 
line of the modern beach, the sand was being colonized by dune grasses, 
species able to tolerate very dry living, and spreading by means of stems 
that crept through the sands. Once these grasses were in place they 
stopped the wind from blowing the sand about. Amongst them seedlings 
of cottonwood (Populus deltoides) germinated and grew. These devel- 
Oped into big trees, providing shade and dropping their thick, slow- 
rotting leaves onto the sand. Soil animals mixed the leaves with sand 
grains, forming the first soil. Pine seedlings, sprung from seeds brought by 
chance of wind or animal carriage, grew under the cottonwood trees. 
Further back from the exposed dunes there were pine woods. There was 
little in the pine woods to show that large cottonwoods had once grown 
there, but the finding of the pine seedlings under patches of cottonwood 
elsewhere made it a valid inference that they had. Among and behind the 
pines was a forest of oaks. This was a simpler community than the beech- 
Maple forest, but it was already deciduous woodland, a very different 
place to that of the pioneer grasses on the abandoned beaches. There was 
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Colonization of Lake Michigan sand dunes by creeping grasses and shrubs. The creeping 
grasses and other herbs can be seen to hold the shifting sand; evidentally necessary for the 
first shrubs to get established. With the sand fixed, leaf litter and other debris can collect, 
making better soil for other plants..So much can be seen to happen. But further away from 
the lake are woods of pines, oaks, and even beech-maple forest, all growing in soils built on 
beach sand. It is deduced that the eventual forest was established as the result of a succes- 
sion of plant communities, each making the site more suitable for the next. 


no direct evidence that the whole complexity of a beech-maple forest 
was developing in the shade of the oaks, since this must surely be a very 
slow process of centuries or millennia so that it should be hard to see the 
slow changes, but it was quite reasonable to suppose that oak woods had 
existed where the beeches and maples now dominate the dozen other 
trees and the hundred or so smaller plants of the beech-maple associa- 
tion. Cowles reasoned that it must have been so, that beech-maple forest 
was the climax of a long xerarch succession which, through grasses, cot- 
tonwoods, pines, and oaks, had conquered the sand dunes and made 
them a fit place for the richest forest of the region (Figure 6.2). 

This deductive work of Cowles was published in a paper of persuasive 
logic which immediately led to the general acceptance of the idea of 
ecological succession (Cowles, 1899). Men reminded themsleves of the 
series of communities round ponds and rocks, and noted how change 
and replacement were the normal fates of many of the plant communities 


77 
SUCCESSION TO CLIMAX 


Figure 6.3 


around them, Cowles’ numerous graduate students described other suc- 
cessions in the terms of the master. Of particular note was the fact that 
successional series seemed to result in a community of plants that was ap- 
parently self-duplicating and perpetual. Only change of the environment 
by some outside agency such as new species, could supplant this com- 
munity. It was called the climax community. 

It is important to notice that the whole story so far rests almost en- 
tirely on deduction. No man had been alive long enough to witness the 
infilling of a lake, the covering of a rock with vegetation, or the planting 
of forests on the Lake Michigan sand dunes. But the circumstantial evi- 
dence that all these things had been so was decidedly strong. It seemed to 
suggest that plants typical of the formation widespread in any region 
could be established on the most unlikely sites, if given enough time and 
by the process of ecological succession. The climax of each succession 
looked as if it might be the same, the local forest or other formation. All 
the communities near Lake Michigan, for instance, had a dynamic rela- 
tionship one to another and could be classified as shown in Figure 6.3. 
The communities are at once classified into a number of subordinate 
communities, the seral stages, and the generic taxon, the Beech-maple 
climax community. 

The successions so far discussed are all primary successions, that is to 
Say they are supposed to proceed by pioneering new sites. But there are 
other successions, those occurring on disturbed land and that climax 
in the replacement of the community which existed before the distur- 
bance. The seral stages of these secondary successions can also be 
included in a classification as dependent taxa of the climax community. 
Secondary succession is best understood by considering what happens to 
a farm when it is abandoned. 

Consider a stretch of country in the American Midwest where beech- 
maple woods are common. There is much cleared land laid out to plough 
Or pasture but there are also many woodlots left in which there are likely 
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to be representatives of nearly all the species that made up the primeval 
forest. Within perhaps half a mile of every field there are likely to be seeds 
or other propagules of every plant that grew on the farmed fields before 
the settlers came. If a farm is abandoned we can intuitively imagine it 
going back to the forest so that, if we left it for long enough, we should 
find it covered with a forest like that which the first settlers found. But 
experience shows that it does not go back to the primeval forest directly, 
for all that the seeds of the primeval forest plants are available and for all 
that we may believe that a good forester could plant the land to trees and 
start the forest coming back at once. Instead there is a long ecological 
succession on the abandoned land. 

When the farmer quits he leaves ploughed fields behind. Next year 
these are covered with weeds, many of them annual plants which seem 
peculiarly adapted to getting their seeds into temporary spaces on the 
ground, but some being biennials or perennials such as the thistles and 
dandelions of the family Compositae whose parachute seeds also make 
good use of unoccupied sites. By the second summer the soil is com- 
pletely covered with plants, and the perennial herbs have siezed all the 
available space. Grasses start to form a turf. In the next few years the turf 
of herbs thickens, but also woody plants, such as brambles and thorny 
shrubs, become established. The shrubbery grows until the field is 
blocked by an almost impenetrable tangle of thorny plants. Trees grow up 
through them, changing the field in a decade or two into a rough wood. 
Other communities of trees replace these trees in the succession (Figure 
6.4, pages 79-85). 

No farms of the Midwest have been abandoned so long that the 
primeval forest has returned, but the stages from old field to a forest of 
sorts have been witnessed many times and we can have little doubt that 
the original forest would be replaced in time. The exact details of the 
early seral stages vary from place to place, but in any one neighborhood 
they are quite predictable. A good botanist who knows his area can tell to 
within a year or two the time a farm was abandoned merely by seeing 
what community of plants occupies the old fields now. Such secondary 
successions, therefore, unlike primary successions, have been shown to 
occur by direct observation. Plant communities do succeed each other in 
a roughly predictable manner, and there is good reason to suggest that the 
climax should be typical of the formation of the region. The idea of 
ecological succession grew on these foundations until it acquired the 
status of a general theory. 


Belief in ecological succession makes possible some heady ideas about 
the nature of plant communities. What is the result of secondary succes- 
sion? It is to repair a wound in the old vegetation. A farmer had cut a 
great gash from the community and now, as soon as he had stopped his 
annual cutting and ploughing, the vegetation had closed the gash, had 
healed the wound by this intriguing process of succession. Healing 
wounds is a property of organisms. 


A climax community does another organismic thing, too, it grows. By 
the xerarch succession, the climax community spreads over the inhospi- 
table terrain of sand dunes or rocks; by the hydrarch succession it spreads 
where once there was open water. It is amusing to think of these growth 
processes as a sending out by the climax community of successive waves 
of colonizers, the communities of the seral stages. While Cowles was 
publishing his papers on the Lake Michigan sand dunes a young Ameri- 
can botanist pondered the meaning of succession along these lines, with 
far-reaching consequences for ecology. His name was Frederick Clem- 
ents. 

Clements was born in the prairies just after the first settlement, in 1870, 
at Lincoln, Nebraska. The city of Lincoln had been founded only 10 years 
before his birth, and famous Indian fights took place while he was still a 
boy. He took advantage of the wilderness around him, wandering over 
much of the huge wild state with a team of pack mules, and writing a doc- 
toral dissertation at the age of twenty-four on “The phytogeography of 
Nebraska.’ In his wanderings he had been particularly impressed with 
the idea of succession replacing the prairie turf over the ruts left by wagon 
trains and the migration roads of the vanished buffalo. Even though there 
was no forest to repair, a secondary succession was still obvious. The 
annual weeds and pioneer grasses formed a turf much different from that 
of the virgin prairie around, and only slowly gave way to it through the 
successive stages of the succession. Primary successions, too, seemed 
evident in the prairie, as sandy places or blowouts in the dry plains were 
colonized by pioneers which could be communities of early xerarch suc- 
cessions. On all sides, Clements could see the virgin prairie growing and 
repairing its wounds through succession. As an organism the prairie ma- 
tured qnd grew (Figure 6.5, page 87). 

For Clements (1916), the intellectual prize of a general classification of 
plant communities seemed to be won. There were a few great climax 
communities in the world, the formations. Climate set the boundaries to 
formations (as all agreed), but all other communities within the formation 
boundaries were but seral stages of various successions which should 


Old field succession in Eastern North America. A corn field is abandoned (a) and a mixture 
of various weeds and crab grass (Digitaria sp) invade the bare ground between the stalks the 
same year. In the next two years a community of tall weeds (many of them in the Com- 
Positae, notice their branching and flowered tops, b) replaces the crab grass and annual 
weeds, Gardeners might be interested to note that crab grass is a delicate plant which will 
always be quickly replaced by other plants if left alone. By the third year (c) the tall weeds 
have been replaced by a nearly pure stand of broom-sedge (Andropogon virginicus, a true 
Brass not a sedge). The broom-sedge may persist for some years as it is slowly invaded by 
Pine seedlings (d) but eventually succumbs under the shade of the pines as they close their 
canopy (e). But even the pine wood is not permanent as we can tell by seeing young oaks 
develop among the litter of needles as in (f). In (f) notice the bulk of a large pine tree a few 
inches behind the oak seedling, but it is a baby oak and not a baby pine which grows there. 
Eventually there can be little doubt that an oak-hickory forest like those nearby would be es- 
tablished when this succession of events is complete. 
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Figure 6.4 
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A Cornfield is abandoned and crab grass moves in. 
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An almost pure stand of broom-sedge follows. 
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Pine trees grow in the broom sedge. 
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A pine wood shades out the broom sedge. 
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Oak seedlings grow out of the pine litter. 
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lead to the areal climax or formation. And this satisfying classification ap- 
parently led to a new truth. The formation had many of the characteristics 
of an organism; the whole was more than the sum of the parts. 

Clements was an eloquent prophet for his point of view, and he was 
also an accomplished field botanist, apparently much respected by forest- 
ers and farmers, so that his views on plants could be taken seriously. He 
wrote voluminously about succession, and invented a complex terminol- 
ogy to relate all the successional stages to the climax formation (Clem- 
ents, 1916). He convinced a majority of American botanists to look at 
plant communities in his way, to treat all communities, however static 
they may appear, to be stages in the dynamic process of establishing the 
climax formation on the site. To an extraordinary degree the study of suc- 
cession was ecology after Clements started writing about it. 

The measure of the impact of Clement's writings may be seen in the 
philosophies of a famous contemporary, Jan Christian Smuts. Smuts was 
the warrior statesman of his age; intrepid leader of irregular cavalry 
against the British in the Boer War, prime minister of South Africa who 
placed his country alongside Britain in the Great War, unlistened-to voice 
for sanity at the Versailles peace conference, and strange religious mystic. 
Smuts (1926) produced a new philosophy called ‘‘Holism’’ in which the 
universe was seen as being built out of aggregations, each of which was 
more than the sum of its parts. The philosophy was built on the “evidence 
of ecology.’’ Plant communities were more than the sums of their parts, 
so possibly the communities themselves were units of larger communities 
or holes, which were, in turn, more than the sum of their parts, and so on. 
The philosophy had some vogue. In the beginning of his book setting 
forth “Holism,” the warrior statesman acknowledges the boy from 
Nebraska as supplying the original idea. This was perhaps the first abor- 
tive attempt of ecology to fasten on the popular mind as a code to live by. 

Clements’ views were very vulnerable. All could agree that successions 
led to a climax, but there seemed to be a number of different climaxes 
possible within the territory of one formation. Xerarch succession on 
Midwest sand dunes might lead to beech-maple (Clements’ climatic 
climax for the region) but xerarch succession on old rock outcrops led to 
chestnut-oak or oak-hickory woods, with no indication that they would 
ever be anything different. On slopes of hills an oak-hickory association 
seemed always the end point of succession, even though beech-maple 
forest was only a short distance away on moist valley soils. Against these 
criticisms, Clements asserted that a long enough wait, perhaps thousands 
of years, might be required for the habitat to be sufficiently modified for 
the “true” climax to appear; other “climaxes’” were just prolonged seral 
stages. This was not easy to accept and, indeed, most botanists came to 
believe that there could be many climaxes, (so-called polyclimax theory), 
and not just one as Clements claimed. 

To objective scientists, the claim that the formation was in effect a 
superorganism was also unsubstantiated and disturbing. The chief critic 
on these lines was Gleason of the New York Botanical Garden, who 
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pointed out in a series of papers (Gleason, 1917, 1926), quite as simply 
and forcefully written as Clements’ own, that you could explain all suc- 
cessions and communities as being the result of the random spread and 
establishment of individual plants. Far from being an organism, the for- 
mation was not even ordered; it was merely the result of random process. 
This is essentially how a modern student of gradient analysis sees the veg- 
etation. If the community changes gradually along an environmental 
gradient (Figure 2.21), then the vegetation (climax in Clements’ thinking) 
of any one place is the sum of the distributions of all the individual 
species that live there. 

In time, and particularly after his death, the influence of Clements’ 
visionary thinking waned. But the idea of some organizing principle 
behind succession has held such a fascination for ecologists that new ver- 
sions of the same theme have constantly appeared. Clements essentially 
considered only the establishment of a dominant climax community, but 
the same idea of organismic organization can be applied to diversity, 
biomass, activity, energy flow, and at last even information and negen- 
tropy. Even the Holism approach of Smuts seems to be resurrected in 
some of the less-informed ecology cults of the present day. The succes- 
sive echoes of Clements appear frequently in the later parts of this book, 
and a reconsideration of the whole subject of succession in the light of 
them is reserved until near the end (Chapter 40). 

We still must live with some of the more unfortunate legacies of Clem- 
ents. Clementsian ecology was much more exciting than the descriptive 
work of the botanists of the Braun-Blanquet school or the census takers of 
Uppsala, and its flourishing in America during the time of the last settle- 
ment has meant that the more rigorously descriptive type of work was not 
attempted. The heritage of this was summed up neatly from the platform 
of a recent international conference by Margaret B. Davis, a student of the 
American vegetation of the past, when she said, ‘We do not know what 
the virgin vegetation of the pioneer days was like because all the 
ecologists were so busy looking for a non-existent climax that they forgot 
to record what was actually growing there.” We should have been better 
off with Braun-Blanquet. 


Secondary successions have often been witnessed. Vegetation on old 
fields really does develop from annuals to perennials to shrubs and back 
to forest. The stages may be somewhat erratic but within tolerable bounds 
the successions are predictable. They do seem to end with vegetation typ- 
ical of the area, a local climax. But primary successions have not been 
witnessed. Their predictability, their determinism, even their very exis- 
tence rests on deductive logic. Accordingly some direct historical test of a 
primary succession should be very interesting. Such an historical test is 
now available for classical hydrarch successions. 

The record of infilling of an old pond should be preserved in its mud, 
and such mud usually contains fragments of plants that are preserved in 
its anoxic environment. It should thus be possible to trench or bore into 
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There were 12 possible successional communities ranging from open water 
(Community 1) to the driest association found near ponds (Community 12). 
Borings and trenches through the deposits at the edges of 66 British lakes show 
that almost any sequence of communities is possible. Classical hydrarch succes- 
sion apparently does not occur round British lakes (from Walker, 1970). 


the mud beside an old pond and reconstruct the sequence of the plant 
communities that occupied the site. Chose a good place, say among the 
willows and alders well back from the water, and your trench should pass 
down successively through remains of willows, reed swamp, rooted 
aquatics, and plankton, or whatever you expect the local communities to 
have been. Donald Walker (1970) has now collected together records of 
borings at the edges of lakes and ponds from various parts of Britain and 
has used them to test the hypothesis that infilling of ponds results from the 
actions of plant communities appearing in a predictable orderly 
sequence. A first part of his finding was that the fill in most of his ponds 
was material brought in from outside by erosion and runoff and was not 
autochthonous organic matter deposited by the plant communities 
themselves. The plants had passively responded to the infilling; they had 
not caused it. And his second finding was that there was no predictable 
sequence in which the plant communities appeared. 

Walker had data from 66 sites. He identified 12 possible plant commu- 
nities that can occur around ponds in the British Isles, and arranged them 
in what appeared to be their proper order, from 1 to 12 running from 
Open water to a comparatively dry-site community. Then for all 66 sites 
he worked out the sequence in which the communities had actually ap- 
peared, The result is given in Table 6.1. A glance at it shows that there 
was no orderly sequence of succession. Armed only with the knowledge 
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of what vegetation grew at any one time at the edge of a British pond it 
should not be possible to predict what would be growing there next. For 
these ponds, the hypothesis that hydrarch successions proceed in orderly 
predictable ways fails. 

Walker came to another provocative conclusion; that the infilling of 
British ponds resulted not in the establishment of the local formation, but 
in peat bogs. Even when trees did grow, as when an alder or willow stage 
appeared, they did not last but were eventually replaced by peat bogs. If 
you could say that there was a climax to so irregular a process of infilling 
as Walker described, you must concede that it is an association of peat, 
not the local woodland. 

Walker's work must shake the widespread belief in the generality of 
primary succession. Probably it is wiser to think that vegetation colonizes 


sites as the sites become modified to suit it. Plants may play some active 


role in the modifying, as when lichens trap soil on rocks or when dune 
grasses fix shifting sands, but more often the plants may passively benefit 
from changes caused by weathering and water transport. Discussions of 
successions are best reserved for those that can be shown to occur, such 
as the secondary successions of old fields. 


Much of the distribution and abundance of life as we know it has been 
established in the last few tens of thousands of years of the last Ice Age 
and the time since it. A history of the vegetation of the earth through 
this period should tell us much of the climate and life of these times. 
Such histories were first found in the bogs of Scandinavia, thick layers of 
peat that collected on the gravels and pond muds left behind by re- 
treating glaciers. Leaves and tree stumps among the peat provided a 
continuous history of the vegetation of the bog site throughout postgla- 
cial time, but these fossils might represent no more than the local vege- 
tation of the bog itself as it changed in response to things such as 
changes in the drainage pattern. The bog peats also contained micro- 
scopic fossils of pollen grains which had been blown there from miles 
around, and these pollen fossils provided clues to the vegetation of 
a whole region. Pollen analysis from bogs all over northern Europe 
showed that changes in vegetation had been everywhere parallel. A 
climatic history for postglacial time was deduced, and pollen analysis 
became a stratagraphic tool for geologists, climatologists, and archae- 
ologists. The invention of radio carbon dating, however, freed pollen 
analysis from this service, allowing ecologists to reconstruct the vegeta- 
tion from samples of known age. The technique could be used to answer 
ecological questions about the past such as the true history of past vege- 
tation or the environment in which various animals evolved. Pollen 
analysis has been used, for instance, to resolve the controversy over 
how the vegetation of the southeastern United States was affected by 
glacial advances in the north, and the conditions for life of the ancestors 
o American Indians who crossed into America by the Bering land 
ridge. 
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The work of the plant sociologists established with great clarity that vege- 
tation is a subtle and accurate indicator of the physical environment. 
Where boundaries between associations seemed distinct, it was always 
found that physical habitats changed. As vegetation graded from one kind 
to another, so the environment graded also. And the limits to the grandest 
vegetation units of all, the formations, were set by climate, the major ar- 
biter of environment. It follows that reconstruction of the vegetation of the 
past from fossil traces allows reconstruction of the environment of the 
past. 

The value of using fossils for reconstructing environmental histories has 
long been known to geologists, but knowledge of the climate of the past is 
also valuable to evolutionists and ecologists who must understand adap- 
tation as an historical process. Records of past vegetation should also 
serve to settle some of the arguments of plant sociology itself: “Have 
climax formations really evolved over the centuries through the long suc- 
cession we infer?” Reconstructions of fossil vegetations should provide 
answers to questions like this. 

For the remoter periods of the earth’s history, the knowledge of modern 
ecology is hard to apply, since the species that inhabited the earth are 
now all gone so that we cannot call on living specimens for an account of 
the environments to which they were suited. We are reduced to crude 
inferences such as “webbed feet mean water.’’ But from the time of the 
Pleistocene Ice Ages we are on safer ground for we are then presented 
with fossil traces of species that still exist. And it was out of the conditions 
of the last Ice Age that much of the distribution and abundance of modern 
life was fixed, including, of course, the emergence and spread of human 
societies. Our knowledge of these crucial few tens of thousands of years 
of environmental history is largely based on reconstructions of the vegeta- 
tion of these times. The story starts with observations in the late nine- 
teenth century on the bogs of Norway and Sweden. 

Peat bogs are common in northern Europe, where they have long been 
drained and mined for fuel. They usually rest in depressions in the 
bottoms of which are sand and gravels left behind by retreating glaciers. 
Ponds formed in those early depressions, leaving deposits of pond mud, 
then various forms of sedge and moss peats collected, and eventually 
perhaps a raised peat bog grew up and out of the original hollow. There 
are many places where a botanist can go and look at a face of drained 
peat, perhaps four times as high as himself, knowing that he looks at a 
fossil history of the vegetation of the hollow which spans all the thou- 
sands of years since the last glacier withered away. And in such bogs in 
Scandinavia could be seen layers of tree stumps; suggesting an ancient 
forest that later went away again. What did these traces of ancient forests 
mean? The obvious answer was ‘climatic change,’’ that there was 
preserved in peat bogs the fossil evidence of vegetation changing in 
response to changing climate. But the habitat of a bog can change for 
purely local things, blocking or unblocking a drainage channel, for in- 
stance, so that it was necessary to compare the fossil evidence of many 


sites over large areas in order to substantiate an hypothesis of climatic 
change. This was done for Scandinavia by Axel Blytt and Rutger Ser- 
nander, who compared many bogs layer by layer, and constructed the 
celebrated Blytt-Sernander chronology for postglacial time (Sernander, 
1908; Flint, 1971; West, 1968). 

Under the bottom layer of stumps was marshy peat, as you would ex- 
pect from a puddle in a hollow. But included among the leaves and seeds 
of sedges were leaves of the little arctic plant Dryas, a small white her- 
baceous rose with a yellow center, a plant exclusively of the arctic 
tundra. This bottom layer thus represented vegetation of what could be 
called an arctic period. Higher up was the first line of tree stumps, com- 
monly birch but sometimes other trees too. It seemed certain that a bog 
must have been partially drained to allow trees to root, so we infer some- 
thing that dries up the bogs of a whole continental isthmus as big as Scan- 
dinavia, climatic drought. The dry time becomes the boreal period. But 
there is peat between the Dryas-bearing bottom mud and the first line of 
stumps, a gradation probably, but one that could be used as a strat- 
igraphic unit. It represented the subarctic period. Then more wet peat 
overlying the tree stumps, flooding doubtless, a wetter climate, the 
Atlantic period. Then another line of stumps, commonly pine-tree 
stumps this time, another dry time, the subboreal period. Then the mod- 
ern peat which continued to the treeless top of the bogs, the modern 
climatic epoch, a wet time, the subatlantic period. In this way (Figure 
7.1) Blytt and Sernander used plant fossils to infer climate, and then to 
separate postglacial time into a series of discrete climatic periods. 

From the first moment this scheme was put forward there was room for 
doubt. What did we really have other than a record of water levels in 
bogs? When the bogs dried a little, trees grew on the tops of them; when 
they flooded again, the trees were drowned. A climatic explanation cer- 
tainly seemed necessary to synchronize the water levels in bogs all over 
Scandinavia, but there was nothing in this to show that climate was 
divided into discrete epochs. All we really had was evidence that the 
bogs had dried out twice, slowly each time, and enough each time for 
trees to flourish for a generation or two. There was quite a leap from this 
to the impression of climatic succession given by Figure 7.1. This was forc- 
ibly pointed out to Blytt and Sernander by their friends, notably their 
fellow Scandinavian, Gunnar Andersson (Faegri and Iversen, 1964). 

It was clear that the vegetation of a bog would always largely depend 
only on the water level of the bog itself. If you wanted to infer the climate 
of a whole region, you must surely have a record of the vegetation of that 
region, not just of bogs; and, if you wanted to test the hypothesis that 
there had been a succession of distinct climatic epochs in Scandinavia 
since the last ice age as Blytt and Sernander suggested, you must have a 
record that was continuous in time. Such a record must have seemed a 
very tall order until Lenard von Post, State Geologist of Sweden in 1916, 
invented pollen analysis. Von Post found that pollen grains of plants were 
preserved in peats by the hundreds of thousands, that they could be iden- 
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The Subatlantic Period. 

Climate humid, and, 
especially at the beginning, 
cold. 


The Subboreal Period. 


Climate dry and warm, much 
as in central Russia. 


The Atlantic Period. 


Ciimate maritime and mild, 
probably with warm and 
long autumns. 


The Boreal Period. 
Climate dry and warm. 


The Subarctic Periods of 
Blytt. 

The climatic conditions more | Figure 7.1 

or less undetermined. The climatic sequence constructed by Blytt and 
Sernander from bog profiles in southern Scan- 
A - dinavia. Tree stumps define the boreal and sub- 
The Arctic Period. boreal periods, and leaves of arctic plants like Dryas 
In Scandinavia a climate like the arctic period. The Atlantic and sub-Atlantic 


that of South Greenland. periods have peat of relatively moist and warm 
| times. (From Sernander, 1908.) 


tified, and that they came from miles around. Far from merely holding a 
record of their own water level, peat bogs actually preserved a quantita- 
tive sample of the vegetation of whole regions. 

Over any plant community in spring and summer there hangs a cloud 
of pollen, undetected, save by sufferers from hay fever, yet composed of 
an almost unthinkably vast multitude of tiny drifting grains, gently settling 
as a pollen rain. Pollen grains from different plants do not look the same 
so that it is easy with a microscope to tell one genus from another (Figure 
7.2), although, alas, not one species from another. Pollen that settles on 
waterlogged places is preserved, for the outer coat of pollen grains is 
made of one of the most resistant materials produced by living things. The 
pollen contents quickly rot but the outer shell may persist in a bog indefi- 
nitely, for thousands of years, and hundreds of thousands of years if the 
bog should last. We find them still preserved in sedimentary rocks 
millions of years old from the Tertiary epoch. The Swedish bogs are only 
about 10,000 or 12,000 years old at their oldest, and the pollen em- 
bedded in their peat looks as fresh as the pollen of a year ago. There may 
be many thousands of grains in one cubic centimeter of peat, a fine quan- 


titative sample of ancient vegetation from which to reconstruct the com- 
munity. It is a simple, although time-consuming, matter to sort a few 
thousand grains from the peat, destroying the organic matrix with sodium 
hydroxide and a sulphuric acid-acetic anhydride mixture, and dissolving 
minerals with hydrofluoric acid. Sometimes it helps to float pollen out 
from a mineral matrix on a heavy liquid such as a bromoform-acetone 
mixture, but with patience in applying routine methods it is always pos- 
sible to make a pollen concentrate of thousands of grains which can be 
spread beneath the cover slip of a single microscope slide (Faegri and 
Iversen, 1968; Erdtman, 1969). There, on the microscope stage before 
you, is a quantitative sample of the vegetation of, perhaps, several square 
miles of country in some distant time. It is a comparatively simple task to 
traverse the microscope slide at a magnification of 400 diameters, and to 
identify and tabulate every pollen grain you come across until! you have 
found enough to work out the percentage composition of that ancient 
pollen cloud. 

Von Post and his many successors did this for the Swedish bogs, and 
then for the bogs of all northern Europe, taking small samples of peat at 
intervals of about 10 centimeters all up those imposing faces of peat, and 
producing pollen diagrams (Figure 7.3) to show how the composition of 
the pollen cloud changed with time. The first thing that seemed apparent 
was that you could use the record to defend the Blytt-Sernander hy- 
pothesis of a series of climatic episodes. In Figure 7.3, which is a syn- 
thetic composite diagram for a large part of Norway, the Blytt-Sernander 
episodes are labeled at the left, and their supposed boundaries (the lines 
of stumps, and the like) are drawn across the diagram. The pollen spectra 
do seem to be naturally collected into zones that roughly coincide with 
the climatic episodes, for all that there is gradation and overlap. The sec- 
ond obvious thing was that the vegetation description given by the pollen 
was very incomplete. There are many hundreds of species of plants in the 
vegetation of Norway, but only 20 names appear in Figure 7.3. Partly, this 
is because we identify pollen only to genus, but more important is the fact 
that a few of the Norwegian plants, most of them trees, produce great 
masses of pollen while others produce very little. Temperate forest trees 
are mostly wind pollinated, but many of the herbs are insect pollinated 
and thus need to produce much less pollen. Furthermore, the trees 
release their pollen high in the air, whence it can be blown about, 
whereas herb pollen has only to drop a few inches to be caught on the 
soil. The proportions of the pollen types in a pollen cloud are thus not the 
same as the proportions of plants in the parent vegetation. But for all this 
the suggestion of different vegetation types coinciding with the proposed 
climatic episodes is still strong. 

The support that pollen analysis offered to the Blytt-Sernander scheme 
was, of course, of great interest to geologists and climatic historians. But it 
had perhaps a more profound effect on plant ecologists. Long-continued 
episodes of climate each had their characteristic vegetation. When there 
was climatic change, then there was swift vegetation change also. This 
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Figure 7.2 
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Pollen of European tree genera drawn to a common scale. The scale is in microns, which 
means that the 100 divisions shown repre: one-tenth of a millimeter. The largest pollen 
grain in the figure, the pine, would be just visible to the naked eye as a minute speck. Notice 
how distinctive are the grains of different genera. Even when built on a common plan, as are 
the 3-pored grains of birch and hazel, there are distinctive differences (between these two 
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Schematic pollen diagram from bogs of Southern Norway showing the correlation 
between Blytt-Sernander climatic periods defined by bog stratigraphy and zones of 
pollen spectra. The pollen are shown as percent total arboreal (tree) pollen, and 
each division represents 25 percent. The few herbs in the total count (non-arboreal 
pollen or NAP) are shown in darker shading. It is common practice to show the 
relationship of herb to tree pollen in a separate part of the graph, as is done here at 
the right of the diagram. Although the diagram shows that the pollen zones grade 
across the arbitrary climatic boundaries, there is yet a considerable suggestion of a 
sequence of fairly well-defined intervals in the pollen diagram. The pollen data do 
encourage the impression of a series of alternating climatic episodes, even if they 
do grade one into another. (After Hafsten, redrawn from Faigri and Iversen, 1964.) 


the shape of the pores) with which the analyst quickly becomes familiar. But it is seldom 
Possible to distinguish between species within a genus. Alder grains, for instance, may have 
4 or 5 pores (as shown) or even 6 or 7, yet there seems to be no correlation between the 
number of pores and the different species of alder. Sometimes you are lucky, however, and 
two species of lime can be told apart by the shape of their pores, as shown. (Redrawn from 
Godwin, 1956.) 
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Figure 7.4 Composite lateglacial pollen diagram from Denmark showing the earlier periods added to 


the Blytt-Sernander sequence. Zone | is the Older Dryas, zone II the Allerod, and Zone III the 
Younger Dryas. The Alleréd mild period shows as a blip in the juniper curve together with a 
loss of pollen of tundra plants such as dwarf birch Betula nana. The section ends with zone 
IV, the Preboreal period in the Blytt-Sernander scheme and the base of Figure 7.3. The com- 
posite diagram showing the general relationship between trees and shrubs is shown to the 
left of this figure and it reveals that herb pollen was more important than in the later zones of 
Figure 7.3. These were times just after the glaciers had gone when trees were beginning to 
colonize the tundra. The right hand part of the diagram shows herbs only except for willow 
(Salix) which is assumed to be a creeping tundra plant and not a heavy producer of pollen. 
Most of the herbs listed do not have familiar English names but Cyperaceae are sedges, 
Gramineae grasses, Rumex docks, and Urtica stinging nettles. (Redrawn from Faegri and 
Iversen, 1964.) 
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was what had been predicted by students of succession and climax. To 
them it seemed that the pollen analysts had clearly shown that a climax 
was established in response to climate, and that this climax remained 
unchanged unless there was further climatic change. In association with 
the geographic evidence, the pollen record left little room for further 
doubt that climate determined vegetation. 

There were, it is true, some uncomfortable suspicions of circular 
reasoning in this conclusion. Climatic historians used the vegetation 
record to assert their claims of climatic episodes; then plant ecologists 
used those same claims for climatic episodes to say that the vegetation 
had been influenced by climate. But it was not actually quite as bad as 
this, since there were various independent clues to the past climates to 
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break the circle. The changing water levels of the bogs provided one in- 
dependent clue, and stratigraphic correlations with the advance and re- 
treat of glaciers provided another. Then the record was made more 
striking by being extended further back in time: the ancient arctic period 
of the Blytt-Sernander system was found to include yet another climatic 
episode, the celebrated Allergd oscillation (Hartz and Milthers in 
Godwin, 1956). Deep ina deposit near the village of Allerdd in Denmark, 
the arctic period with its included Dryas leaves was represented by clay, 
but this clay was interrupted by a layer of organic mud. The local evi- 
dence was clear; arctic times had ended with warming, represented by 
the organic mud, then the grip of the cold had returned resulting in the 
burial of the organic mud by frost processes (so-called solifluction). An 
extra two periods had been added to the bottom of the Blytt-Sernander 
scheme thus: 


Subatlantic 

Subboreal 

Atlantic 

Boreal 

Preboreal 

Younger Dryas) 

Allergd | the old Arctic Period 
Older Dryas 


making eight episodes in all. The Allergd climatic episode was then 
sought in pollen diagrams all over Europe, both from the bottoms of bogs 
and from the sediments of lakes. And a pollen equivalent, commonly a 
blip in pine or spruce spectra, was widely found (Figure 7.4). The episode 
was also tied in to a glacial retreat, during the Allergd, and a readvance in 
younger Dryas time. Here then was climate and vegetation determined 
independently for the same event. And the climate had set the vegetation, 
not just locally, but for all northern Europe. There seemed to be little fur- 
ther doubt that climate did indeed control vegetation, that in a very gen- 
eral sense, it determined a climax state. 

After this initial triumph for ecology of European pollen analysis, the 
method fell very largely, and for many years, into the hands of geologists 
and archaeologists as a stratigraphic tool, as a method of dating samples. 
Any polliniferous sample from northern Europe could be aged or, at least, 
Put into its proper stratigraphic position, by looking at its pollen. At the 
same time, a rough account of the climate could be made. Pollen men all 
over northern Europe had identified all eight of the Blytt-Sernander epi- 
sodes, and had even added an extra one and sometimes two of their own, 
making a nine or ten pollen-zone sequence which they named in Roman 
numerals (Figures 7.3 and 7.4). They could thus be asked by an archae- 
ologist to say into which pollen zone the sample from a dig fitted, and the 
archaeologist would then use the pollen zone given him as an “age” for 
his sample, and as an account of environmental conditions to boot. This 
approach was immensely useful to archaeologists and geologists, but it 


weakened the usefulness of pollen analysis as an ecological tool. An 
ecologist looking at the past wants to be told what the environment is like 
by the students of some other discipline, and he wants the same sample 
independently aged. Then he can use his fossil traces to see how the veg- 
etation of past times reacted to its environment. But the geologists and 
archaeologists wanted him to deduce both climate and time from his 
fossil data, and the two lines of reasoning, the ecological and the stra- 
tigraphic, are mutually exclusive. Fortunately this dilemma was ended 
with the invention of radiocarbon dating, which freed pollen analysis 
from its bondage as a stratigraphic tool. 


The vegetation of much of Europe was decimated by the continental 
glaciers, ground down between ice sheets advancing southward from 
Scandinavia and northward from the Alps. As a result, the flora of Europe 
is impoverished. The vegetation episodes studied by the European pollen 
analysts result from long distance dispersal or were developed from the 
scant survivors of the ice which persisted in small refugia. But more inter- 
esting possibilities for plant ecologists are offered by the history of the 
vegetation of eastern North America. 

Eastern North America was beset by ice sheets only from the north and 
locally from mountaintops. South of the ice sheets the rich native vegeta- 
tion, far richer in species than that of Europe, should have persisted sub- 
ject only to climatic change. And climatic change there must have been, 
the continental ice sheets were evidence for that. A cold strip along the 
glacier front in which life was affected by cold winds off the palisade of 
ice was at least probable, surely an arctic sort of place? And the vegeta- 
tion further south should have been affected by whatever worldwide 
climatic changes caused the glaciers themselves. Did the complex vege- 
tation of America respond to these different climates of the past as associ- 
ations, recognizable from their pollen in terms of modern associations? 
Or was past vegetation built up by immigration and the establishment of 
individuals to suit the unique conditions of the time so that the past asso- 
ciations were unique also? A long pollen record from eastern America 
should thus provide a further test of the claims of plant sociologists. But 
there was yet another possibility; that the vegetation of North America 
south of the ice margin was hardly affected by the glacial episode, that it 
existed much as it does now and presumably had done since the Tertiary 
epoch when it had evolved, in equilibrium with the conditions of its lati- 
tude, oblivious of climatic changes far to the north which sent the glaciers 
down to its very borders. 

So there were three possible histories for the eastern American vegeta- 
tion: 


1 That it was essentially unaffected by the glacial events. 

2 That it migrated south as complete associations or formations so that 
the latitudinal zoning of modern America was essentially intact but 
displaced to the south. 

3 That plants responded to changing climate as individuals so that the 


101 

HISTORY OF THE 
FORMATION AS AN 
ECOLOGICAL TOOL 


DEVELOPMENT OF 
EASTERN AMERICAN 
VEGETATION, AND 
THE LIMITATIONS OF 
THE POLLEN METHOD 


102 


THE ECOLOGICAL SIDE 
OF GEOGRAPHY 


different climates of the last Ice Age resulted in plants being associated 
together in combinations not found in modern America. 


Pollen analysts could tackle the first of these alternatives most easily. It 
was put forward by Lucy Braun (1950), who concluded from studies of 
the vegetation itself that the unique formations of eastern America, with 
their many species and their ancestries far in the Tertiary, were too an- 
cient and too complex to have been shifted around as belts when the ice 
sheets came and went. Braun postulated that the glaciers bulldozed their 
way into the edge of the forest, causing local disturbances beyond the 
reach of the ice, but no more. This closeness between advancing ice and 
rich vegetation is not without precedent elsewhere, since it can be seen in 
places such as New Zealand where tropical plants like tree ferns grow 
within yards of an advancing valley glacier. The hypothesis was plau- 
sible, but any long pollen record from a critical region should test it. Such 
records are now available from, among other places, North Carolina, due 
to the work of Frey (1953) and Whitehead (1964, 1965). Figure 7.5, a 
composite pollen diagram of Frey’s work, shows the completeness with 
which pollen analysis disposes of the hypothesis. Radiocarbon dating 
shows that Frey’s history spans from sometime during the last Ice Age and 
on into postglacial time. It is not necessary to attempt an actual recon- 
struction of vegetation to see that the changes must have been very great 
during the time covered, even when so far removed from the ice as North 
Carolina always was. It is apparent that vegetation is not so hardily 
organized that it can resist climatic events, nor that it is difficult for seem- 
ingly ancient vegetation to be constructed in a time span of a few 
millennia at most. The Braun hypothesis fails. 

Itis more difficult to distinguish between the second and third hypothe- 
ses, to decide if vegetation moved in belts or if the associations of the past 
would seem entirely novel to a modern botanist. The reason for this dif- 
ficulty lies in the limits of the pollen method itself. 

A test of the hypothesis that vegetation has migrated intact, as zones of 
familiar vegetation keeping rough pace with the advance or retreat of 
climate, involves finding a polliniferous site in the path of the supposed 
vegetation advance, and then reconstructing the vegetation of the past 
time from a pollen diagram. Now it may be easy to show that vegetation 
differed in the past, but it is another matter to show exactly what is was 
like from pollen data. There are a series of difficulties with the method 
that tend to compound to obstruct you. 

A first difficulty with the sorts of sites that were initially used for pollen 
analysis, sections in bogs, is that much of the pollen you find was 
produced on the bog itself. There may be what a pollen analyst calls 
over representation of pollen of bog plants. You want not a history of bog 
plants but a history of the vegetation of a broad area, yet the intense rain 
of local bog pollen may make you see the other pollen “through a glass 
darkly.” The simplest way out of this difficulty is to abandon bogs in favor 
of lakes. A lake, say one-half mile across, traps pollen from the local veg- 
etation just as well as a bog, but it does not obscure the record with terres- 
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Generalized pollen diagram for Bladen County, North Carolina. Radio- 
carbon dating shows that much of this diagram was contemporary with 
glacial time, and that the top few feet represent the beginning of the 
Postglacial period. Even without being able to deduce the exact vegetation 
represented by the various pollen spectra, it is obvious that there have been 
marked changes in the local vegetation over the time span covered. This 
sort of evidence seems incompatible with the Braun hypothesis that eastern 
American vegetation in Ice Age times was much as we see it now. (From 
Frey, 1953.) 


trial pollen of its own. If a few water-plant pollen grains are added, these 
are easily identified and ignored. Thanks to the invention of piston 
samplers (Livingstone, 1954), lakes are actually easier to core than bogs 
(unless someone has drained and sectioned your bog like so many of the 
European ones). Lakes are now preferred sites for seeking pollen records, 
but they can present difficulties of their own. Mud may slump from steep 
sides underwater, thus mixing your sample. Burrowing larvae, such as 
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tendipedids, may mix pollen through the sediment to a depth of about 10 
centimeters (R. Davis, 1967), and some big pollen grains may be blown 
about on the surface before they become waterlogged, and concentrated 
at the edges. But these problems are only minor compared with the ad- 
vantage of not having the pollen record of a region obscured by heavy 
pollen production at the site. 

Much more serious is the problem posed by the statistics of percent- 
ages. The usual pollen method is to take a pollen sum of between 150 
and 300 grains, then to express the content of each type as a percent of 
that sum. This means that a change in the actual number of pollen grains 
of any one taxon can affect the apparent proportion of all the rest. There 
are as many variables as there are pollen types, and a change in any one 
affects the percentage composition of all the others in the pollen diagram. 
The dilemma is apparently insoluble by statistical tests unless very large 
pollen sums are counted, in the tens of thousands of grains per interval, 
for which task a pollen analyst's life is too short. We have to accept that 
there can be an error of 5 or 10 percent in the apparent percentage of any 
one taxon. A conventional pollen diagram, in short, leaves us with wor- 
rying doubts about the actual changes in numbers of the parent plant 
implied by quite wide changes in pollen spectra. There is a way round 
this though, if a time-consuming one that cannot always be applied. 
We can avoid percentages all together. We count the number of each 
kind of grain found in unit volume of sediment and then calculate the 
sedimentation rate by a lavish use of expensive radiocarbon dates. 
This enables us to express the history of each taxon in terms of the 
number of grains falling on unit area of sediment surface each year, an 
absolute statistic which lets you study the fate of each taxon through time 
independently of its neighbors (M. Davis, 1963). There are as yet very few 
such diagrams available, and they still leave you with formidable dif- 
ficulties of interpretation, for they do not help with the next problem, that 
different kinds of plants produce very different amounts of pollen. 

Temperate forest trees, what pollen analysts of Europe and North 
America mostly work with, produce much pollen, many of them proba- 
bly in comparable amounts. Which is why conventional pollen diagrams 
seem to make sense. The diagram shows you a mixture of taxa given the 
names of forest trees, and the mixture of tree names seems plausible 
when compared to a forest of real trees. But the suggestion of a familiar 
forest in the pollen diagram may be misleading, because some trees may 
produce much more pollen than others. Pine trees, for instance, are no- 
torious for their copious production of pollen. If you park your car near a 
pine wood in spring you may find it in the evening colored yellow by a 
layer of pine pollen. By contrast the pollen production of maples or 
willows may seem tiny. A thought which haunts the dreams of a pollen 
analyst is that the 10 percent of pine pollen in his diagram may mean just 
one pine tree growing very close to his site. But, in fact, the analysts of 
temperate lands are fortunate in having to cope with no worse than this. 
Pollen analysts are now seeking their first long records from the equator, 


and have there come up against the fact that many tropical trees are in- 
sect pollinated and so produce very little pollen. The pollen cloud from 
tropical woodlands and savannah may be mostly herbs, even grass (Liv- 
ingstone, 1967, 1971). This reveals rather starkly the difficulty of recon- 
structing vegetation from the pollen record. 

The obvious way round this problem of differential production is to try 
to allow for it with conversion factors. You find, for instance, how much 
more pollen is produced by a typical pine tree than is produced by a typi- 
cal oak and use this figure to adjust your pollen counts. But the difficulties 
are very great. Not only is the task of comparing the pollen productions of 
all the species in your pollen spectra daunting, or even next to impos- 
sible, but you must also allow for the differential dispersion of the pollen. 
If some blows further than other kinds, you will get more of it in your lake 
no matter that the parent tree may not have produced so much of it. A 
start has been made to tackle some of these problems (M. Davis, 1963), 
but we have not progressed very far yet. 

A better way round the difficulty of differential production and disper- 
sion seems to be that of taking “surface” samples, of trying to estimate the 
pollen cloud from modern vegetation and then comparing the fossil 
pollen spectra in the diagram with the modern spectra. If the spectra are 
the same, then you say that the ancient vegetation was like that which 
gave rise to the modern pollen spectrum, even though there might be no 
obvious similarity between the makeup of the modern pollen cloud and 
the percentage composition of trees in the modern forest. This is the best 
practical tool we have, even though the imprecisions are obvious. A veg- 
etation of hundreds of species may be represented by, perhaps, a dozen 
pollen types in the spectrum. Even if the spectra match beautifully, it 
cannot mean that all the hundreds of species were there in the modern 
proportions. And there is still that 5 percent error inherent in the percent- 
age method which might mean that your beautiful match is a lie. On top 
of these difficulties is the fact that what should have been the “modern’’ 
vegetation with which you will compare your ancient sample has been 
ploughed under for a century or two. We do have some likely surface 
spectra from eastern North America, but not very many (Ogden, 1969). 

In spite of these difficulties of interpretation, it seems that, although all 
the North American vegetation reacted profoundly to the climatic events 
of the Ice Age, there was no general orderly retreat in latitudinal zones 
(Whitehead, 1965). Comparison of pollen diagrams from glaciated New 
England (Figure 7.6) and from the Disma! Swamp of Georgia (Figure 7.7) 
shows the sorts of evidence on which this is based. The New England 
diagram shows a postglacial succession somewhat analogous to the 
pollen sequences of northern Europe: a boreal start to the diagram with 
Conifers predominating in the early days (although some diagrams show a 
short interval of treeless times comparable to tundra immediately after the 
glacial recession); then a development of broad-leaved forest which, with 
minor changes, persists until the English arrive with their axes. The conif- 
erous trees seem to represent as much a stage in a succession as the pass- 
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Figure 7.6 


Pollen diagram from the mud of a pond in Vermont. This provides a history of the 
postglacial vegetation in eastern North America on a site that was once under glacial ice. A 
small bottom section, probably with the pollen of tundra plants as occurs in many New 
England diagrams, is missing. After this is a time of coniferous trees, of spruce and pine. This 
possibly represents the invasion of open ground by conifers as a stage in succession to 
hardwood forest, although the successional stage was prolonged. The divisions A, B, and C 
to the right of the diagram are the pollen zones for New England set up by Deevey (1939), 
letters being used to avoid confusion with the Roman numeral system of Europe. Percent- 
ages are calculated as percent total terrestrial pollen. (From M. Davis, 1965.) 


ing through of a boreal forest latitudinal belt. In the early postglacial days 
at Dismal Swamp there are again clear signs of northern conifers like 
spruce (Picea) being present, but these occur with a different set of bed- 
fellows. The record suggests, in short, that the colder times of the Ice Age 
required a resorting of the species of the American forests, so that combi- 
nations quite unlike those of the present day existed. 

Pollen analysis thus seems to show that associations are not permanent 
entities. They represent temporary pacts between species, not permanent 
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alliances. The views of Gleason must prevail over the views of Clements 
(Chapter 6). Although we go on to study ecosystems as functional units, 
we must always remember that these systems are fleeting entities built 
from mutual adjustments of individual species. The system can last only 
as long as the physical conditions of life are not altered. 


Pollen analysts have often been called in by archaeologists to “look” at 
samples from their digs. The purpose has usually been dating, to use 
pollen analysis as a stratigraphic tool as the European sequence was for 
so long used. Sometimes pollen analysis is still the best answer for this, 
although radiometric methods are better if possible. Also stratigraphy 
seems to an ecologist to be a rather dull use of his tool. More exciting is 
the quest for man in the pollen diagrams themselves. 

The development of forest clearing and shifting agriculture in Europe is 
beautifully shown in many diagrams, an event known as landnam, the 
Danish word for “land-taking’” used for the phenomenon by Iversen 
(1949) who first spotted the significance of blips in the tree pollen curves, 
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Figure 7.7 Pollen diagram from the Dismal Swamp of Georgia, a pollen history of the postglacial 


period at a site that was always south of the ice sheets. Although spruce appears at the 
bottom of the diagram the spectra of these early times are not really comparable with 
spectra further north (Figure 7.6). The comparison suggests that the vegetation of Georgia in 
late glacial times was different from any that can be seen in modern America. Pollen from 
some other plants such as grasses were found in the swamp but were not included in this 
count, (From Whitehead, 1965.) 


coupled with upsurges of the pollen of agricultural weeds such as nettles 
and plantains. A landnam event has been found in many parts of Europe, 
everywhere first dated at about 5000 years ago and suggesting that men 
quickly learned the new ways from each other throughout the whole con- 
tinent. Figure 7.8 shows the very clear example of a landnam phase in 
Ireland, taken from the work of Smith (1961). 


Shrub pollen —_| Herb pollen 


Alder | Cephalanthus — Compositae Sanguisorba 
Holly = Canadensis 
Red Ericaceae Fait a 
maple 10 10 10 . 
|» 


Ht 


M2 10 10123 10 12 12 


Elsewhere pollen seems to offer the first evidence for ancient agricul- 
ture. A record from Taiwan shows a disturbance 8000 or more years ago 
which might well have been the start of agriculture (Tsukada, 1966), 
although the interpretation still suffers from the difficulties to which 
pollen diagrams are always suspect. If correct, this is the oldest record of 
agriculture in Asia. There are also alluring possibilities for pollen analysts 
in trying to reconstruct the climates in which our ancestors lived. One of 
these concerns the colonization of America by the ancestors of the Amer- 
ican Indians. 

The first Americans were those whom Columbus mistakenly called 
“Indians.” Anthropologists have long thought them to be people of Asi- 
atic stock who had come from Asia long ago, certainly more than 14,000 
years ago as undisputed radiocarbon dates show. All are agreed that there 
is a very high probability that they came by way of Siberia, the Bering 
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Figure 7.8 Pollen diagram from a mire in County Londonderry, Ireland, showing a well-marked 
landnam phase. The landnam event occurred between the arrows. There is a large increase 
in plantain and nettle pollen at a time when elm pollen fell sharply. Elm is not a heavy 
pollen producer, so it is likely that the forest before the landnam event had many elm trees 
in it. Men cut down the elms, grew some crops, and let the weeds grow; which doings have 
left a beautiful trace in the pollen record. (From Smith, 1961.) 


Strait, and Alaska. We do not have definite proof of this, but there is much 
circumstantial evidence for this route and alternative routes involve 
migrations across the great oceans in Stone Age boats. A few adventurers 
might have made such journeys, but for the migration of whole peoples 
the Bering Strait route makes much better sense. And the Bering Strait 
more than 14,000 years ago was dry land (Hopkins, 1965). 

More than 14,000 years ago takes us into the time of the last Ice Age, | 
and at such times the level of the world oceans falls as water is con- 
tinually taken from the sea to build glaciers. A considerable portion of the 
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Map of Bering Sea region at the time of the last glacial maximum, showing the coasts of the 
Bering land bridge. This was the land exposed when sea level fell by 100 m. (Redrawn from 
Hopkins, 1965.) 


oceans is thus held in cold storage on the land, enough during the last Ice 
Age to lower sea level by more than 100 meters. This drained all of the 
Bering and Chuchi seas on either side of the Bering Strait, causing Alaska 
to be fused to Siberia by a land bridge some 800 miles broad (Figure 7.9). 
This land was not under ice, presumably because there had been too little 
precipitation in the arctic for ice sheets to form even when they spread all 
over the continents to the south. And we know, from fossil finds and from 
the evidence of geographical distribution, that many animals lived on the 
Bering land bridge. Among them were the ancestors of the bison of the 
great plains, horses and the long extinct mammoths. 

The ancient land of the Bering land bridge, now washed under the 
waves of the Bering Sea, is the probable original home of the first Ameri- 
cans. Their descendants included all the Indian Peoples of Canada and 
the Western Plains as well as those who built the civilizations of the Inca, 
Aztec, and Maya. But the first Americans occupied the Bering land bridge 
in glacial times. What was the environment of that ancient place like? 
Could primitive men, the half-naked savages sometimes conveyed by the 
words “stone age,’” have lived there? Or was the climate such that the an- 
cestors of all the American Indian Peoples must have been culturally ad- 
vanced? An answer to these questions could be had if a pollen sequence 
from a lake of the ancient land bridge were found. Such a lake, called 
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Figure 7.10 


Imuruk Lake on Seward Peninsula, Alaska. The shrub tundra in the foreground consists of a 
turf of sedges, heaths, dwarf birches, and prostrate willows. The tallest plants in the pho- 
tograph are willows which grow best along drainage channels and, as here, at the side of the 
lake. White dots in the left foreground in front of the reindeer are the fluffy seed heads of 
cotton grasses. Pollen records from the lake mud suggest that this tundra is the least arctic 
during the lake’s history of tens of thousands of years. 


Imuruk Lake, exists on Seward Peninsula, the part of Alaska that points 
like a finger to the Bering Strait (Figures 7.9 and 7.10). A geologist, David 
Hopkins (1959), surveyed the lake and realized its importance. It sat high 
ona lava flow, on top of a rise of land where the rate of infilling should be 
very slow, and was probably more than a 100,000 years old. | went and 
drilled its sediments from a rubber boat, and through the winter ice, ob- 
taining the coveted record of land-bridge pollen (Colinvaux, 1963, 1964). 

Figure 7.11 shows the top portion of the Imuruk Lake pollen diagram, a 
portion which spans more than 30,000 years. Imuruk Lake is surrounded 
only by tundra (Figure 7.10), the nearest spruce tree being 50 miles away. 
And yet there is spruce and alder pollen at the top of the diagram. This 
is explained because enough spruce pollen to make up 10 or 15 percent 
in a tundra pollen diagram can be blown many miles beyond the tree 
line. The pollen diagram ends with a time a few thousand years ago (the 
top sediments have been removed by wave action) when spruce and 
alder were near enough for their pollen to have been blown from the tree 
line to the lake. Earlier in late glacial time, zone K, spruce and alder pollen 
must have failed to reach Imuruk, suggesting that the tree line was still far 
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Pollen diagram from Imuruk Lake sediments, showing the time since the height of the last 
glaciation, The three-zone history shows first the invasion of the herb tundra by dwarf 
birches (present in the modern Imuruk Lake tundra) and then the arrival of spruce and alder 
trees near enough to cast their pollen to the lake. The Bering land bridge existed only during 
the earliest, most extremely arctic, period (zone J). (From Colinvaux, 1963.) 


away. The birches which show as a maximum in this zone were tundra 
birches, dwarfs living among sedge tussocks, not trees. They are common 
around Imuruk Lake now and the apparent surge of their pollen in zone K 
time was because of the withdrawal of spruce and alder pollen from the 
pollen sum. This is an artifact of the pollen percentage method discussed 
in the preceding section. But back in the time of the land bridge, zone J, 
the dwarf birches had waned, and the pollen sum was largely made up of 
grasses, sedges, and some of the low sage plants of the arctic, Artemisia. 
Zone J pollen can be matched by surface pollen from Point Barrow, 400 
miles to the north, a colder bleaker place by far than modern Seward 
Peninsula (Figure 7.9). Much of the Imuruk Lake pollen history has now 
been duplicated from other parts of Alaska and islands in the Bering Sea 
(Colinvaux, 1965, 1966), and the story is everywhere the same. The first 
Americans lived in a harsh arctic place comparable to the bleakest places 
in modern Alaska. 

We know that a tundra such as is revealed by the pollen history of the 
Bering land bridge meant a cold arctic environment. But we also know 
that the land-bridge plains supported big game. We may thus reasonably 
infer that the ancestors of American Indians were big-game hunters of 
those ancient plains, possessed of the skills and social cohesion needed 
to live in such a place. Instead of being half-naked savages, they had 
boots and gloves and parkas of fur, as do the modern Eskimos who live on 
the arctic coast. More important to ecology, is the general implication of 
the way of life, that of nomad and hunter. There are many clues which 
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suggest this way of life for Ice Age man the world over. As an ecologist 
ponders the adaptations, and limitations, of the big-game-hunting way of 
life for carnivorous animals, he can reflect that the limits he describes 
were once applied to his own ancestors. In the problems of our own day, 
we need to remember that we must still be preadapted to that hunting 
way of life, and perhaps not so completely suited to peasanthood or city 
dwelling. 


The concept of dominance proved to be of little use to animal ecol- 
ogists, but that of succession led to some interesting ideas. The animals 
of successive plant communities proved to be different, suggesting that 
there was a parallel succession of animal communities. The fish fauna of 
ponds apparently changed as the ponds aged, protozoan populations 
could be seen to change as their supporting cultures aged, and herds of 
different species of African game animals graze the same patches in suc- 
cession. It was true that the animal communities accompanied changes 
in the plant communities, suggesting that the animals were merely pas- 
sive followers of other events, yet the activities of the animals did alter 
the conditions of life in the habitat to some extent. Digging animals al- 
tered the soil. The excretions of fish and protozoa altered the chemical 
conditions for life. The grazing of game animals altered the composi- 
tion of pasture. It could thus be claimed that animals prepared the habi- 
tat for the next community in succession just as the plants were sup- 
posed to do. But what came through more clearly from these studies 
was that animals moved about, settling only where the conditions for 
life were right for them. This led the pioneer animal ecologist, Shelford, 
to suggest that each animal species had its own special needs, which he 
called the mores of the animal, an idea which was later taken up by 
ecologists under the name of niche. Meanwhile, those who tried to 
describe plant communities realized that animals were an integral part 
of the units they sought to study. Attempts were made to replace the 
idea of the “plant association” with that of a more embracing concept, 
which should include both plants and animals, after which it was appar- 
ent that the new unit should also include the physical habitat in which 


PREVIEW 8 
THE DAWNING 


CONCEPT OF THE 
ECOSYSTEM 


115 


116 


CHAPTER 8 


THE DAWNING 
CONCEPT OF THE 
ECOSYSTEM 


the animals and plants lived. Ecologists groped for words to describe 
this new unit until the proper term was found for them with Tansley’s 
ecosystem. 


While European plant ecologists argued about the association, and Amer- 
icans studied the climax, there was no comparable blooming of animal 
ecology. The habits and habitats of animals were, of course, studied as 
they had always been, but there was little sign of an exciting synthesis of 
the subject. As late as 1927 it was possible for Charles Elton to write in the 
preface to his famous textbook that, “The principles of animal ecology 
are seldom if ever mentioned in zoological courses in the universities” 
(Elton, 1927). In such circumstances it was natural for botanists and sym- 
pathetic zoologists to wonder how much the ideas of the plant sociol- 
ogists were suited to the study of animals. Concepts such as ecological 
dominance and ecological succession were so interesting that it was nat- 
ural to look for examples of them among animal communities. 

It was, of course, evident that animals were important factors in the 
plant environment and that they modified the development of vegetation 
by eating plants, trampling plants, and dispersing the seeds of plants. An 
extreme example of these effects could be seen in any pasture or natural 
grassland, where the form and species composition of the vegetation was 
obviously determined by the grazing and trampling of herds of ungulates. 
The result of plant successions in such a place was actually controlled by 
the animals. But in most plant formations, and in the successions within 
them, the influence of animals was less obvious. Some animals, particu- 
larly insects, lived on forest trees without apparently determining the form 
of the vegetation; but might they not influence its development? It was 
necessary to ask if successions of plants were influenced by parallel suc- 
cessions of animal communities. The sand dunes of Lake Michigan again 
became the site of classical investigations into succession, this time into 
animal successions, and by a student of Cowles, Victor Shelford. 

Shelford compared the animal communities in the seral stages of the 
plant successions in the sand dunes (Shelford, 1912). As expected, the 
varieties of animals were so numerous that it was not possible to master 
them all, but Shelford could show that some part of the animal commu- 
nity in each seral stage was unique to that stage. The poplars, the pines, 
and the beech-maple stages on the Lake Michigan sand dunes, for in- 
stance, seemed to be the homes of different species of tiger beetles 
(Cicindela sp). Other insects, reptiles, and even mammals seemed more 
or less restricted to one seral stage or another, and a few obviously played 
a role in modifying the environment in ways that could be construed as 
tending to encourage the next community of the plant succession and, 


~a a” 


hence, of the next animal community also. Digger wasps (Sphex sp) of the 
cottonwood stage buried their prey as food for their young, thus tending 
to enrich the sand with organic matter and to make of it a usable soil for 
pine seedlings. Other soil animals affected the development of the soils of 
later stages, principally earthworms and a variety of arthropods. But these 
effects of the animals seemed minor compared with the great changes 
brought about by the plants themselves. Shelford’s study leaves the 
impression that although animals influenced plants, the composition of 
the animal communities was still more dictated by the physical presence 
of the plants. 

It was possible to find a successional series in which the interactions 
between animals and plants need not be so one-sided, and Shelford 
found such a series in the rows of ponds left among the sand dunes by the 
retreating lake (Shelford, 1911). They were long narrow ponds, running 
parallel with the modern shore and separated from each other by ridges 
of sand (Figure 8.1). It was clear that they were arranged in order of age, 
with the youngest close to the lake and the oldest farther away, some 
thousands of years probably being represented. Until the builders of 
Chicago ran roads and railroads across them, there were water connec- 
tions between the various ponds so that they could all be reached by fish 
and other organisms from the lake. Young ponds near the lake had little 
rooted vegetation and sandy bottoms; older ponds were progressively 
more choked with plant growth and with accumulated debris on the 
bottoms. Collections from a series of the ponds revealed a succession of 
fish communities, ranging from those that liked the bare bottom, clear- 
water, lakeside ponds which were still sometimes scoured by storm 
waves of the main lake sweeping over the dividing spit, to those living in 
the oldest, weed-choked and stagnant ponds farthest from the lake. Shel- 
ford reasoned that the progressive changes revealed by his series of ponds 
were brought about by the organisms living in them, as their decom- 
posing parts and excrement both filled the basins and changed the chem- 
istry of their waters. The activities of the fish could not be unimportant in 
this process. As the environment in an old pond changed, it was favored 
by different species of fish, all of which could come and go by the 
network of connecting channels. 

Shelford had no doubt that this succession of fish communities came 
about because the fish had different physiologies, habits, behavior, and 
modes of life, a collection of parameters which he called the mores of the 
animals. Fish able to travel along ditches from one pond to another 
remained where conditions were best suited to their mores. Shelford was 
thus feeling toward an answer to the question, “Why do successions 
occur?” in the behavioral and physiological responses of the animals. In 
doing so he anticipated many of the trends of modern animal ecology. 
His word mores, which has an awkward and alien sound, disappeared, 
but the idea he was seeking to express by it later found an outlet in Elton’s 
“niche” and became a central ecological concept of great intellectual 
reward. More than half a century after putting down in simple and com- 
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Figure 8.1 Plan of the sequence of parallel ponds near the Chicago shore which were studied by Shel- 
ford early in the century. The 25 ponds were all connected to each other and the lake by 
ditches. They represent an age sequence, the southernmost being the oldest, which were left 
dammed behind successive beach ridges as the lake retreated toward the north, Shelford 
found successively different fish communities from the young bare ponds near Lake 
Michigan to the old weed-choked ponds further away. (Redrawn from Shelford, 1911.) 


pletely convincing prose his arguments showing that the fish succession 
had occurred, Shelford was still writing notable works on ecology (Shel- 
ford, 1963), having lived to see the fruits of the new discipline of animal 
ecology that his work in a sense foreshadowed. He died in 1967. 
Shelford’s work prompted other zoologists to consider the possibilities 
of animal succession, but good examples were not common. In most 
sites, the succession of plant communities was obviously the important 
process and the related succession of animals minor, as Shelford had 
himself found among the Lake Michigan plant communities. Other 
common time-sequences were obviously related to the seasons, as 
summer forms followed spring forms and so on, and thus did not change 
the environment as was implied by the term “ecological succession.” But 
One curious apparent succession in animals had long been known; the 
successive appearance of different species of protozoa in a hay infusion. 
From the earliest days of microscopy, hay infusions had been used as 
sources of protozoa for examination, providing the animalcules of the 
first microscopists. Placing hay in a flask of pond water resulted, in a 
week or two, in a cloud of swimming protozoa, but the cloud was made 
of different animals from week to week and long experience had shown 
that they appeared in roughly predictable order. In the flasks, there were 
just hay, the bacteria which decomposed it, and the protozoa which fed 
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Succession of protozoa in hay infusions. Although all the different kinds of protozoa are 
present in the flasks at all times, they occupy the open water as massive blooms in turn. The 
sequence in which they become abundant is orderly and predictable, as apparently the 
stages of a secondary plant succession. (Redrawn from Woodruff, 1912.) 


on the bacteria or on each other. There were no plants to interfere with 
the development of a succession of animals alone. A Yale biologist, L. L. 
Woodruff, having read Shelford’s work with the fishes, set up a series of 
experiments to see if a definite ordered succession really occurred in hay 
infusions (Woodruff, 1912). 

It was important that the infusions used for the experiments contained 
individuals or resting stages of a wide range of protozoa and, to make 
sure that this was so, Woodruff put in each of his flasks at the start hay, 
water, and a stock sample of protozoa mixed from his laboratory cultures. 
In numerous duplicated flasks the same series of events occurred; first 
one animal became immensely common so that the cloud in the water at 
the top of the flask was made up mostly of individuals of one kind, then 
these were replaced by another protozoan so that the cloud was made of 
individuals of another kind. In succession there appeared huge popula- 
tions of monads, Colpoda, Paramecium, hypotrichs, amaebeae, and Vor- 
ticella, in an order that never varied. At any one time it was possible to 
find individuals of all these forms by diligent search, particularly among 
the debris at the bottom of the flasks, but they succeeded each other in 
massive abundance (Figure 8.2). There could be no doubt that the great 
abundance of one kind of animal resulted in the environments being al- 
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Figure 8.3 
Three specialized grazers of the East African plains; zebra, wildebeest, and 
Thompson’s gazelle. The animals have been seen to graze the same patch of 
grassland successively, in rotation, each taking a different portion of the total 
crop. 


tered to its detriment but in a way that suited another animal, and that 
these changes of environment followed a regular sequence. Chemical 
excrement in the water, shortage or changing quality of food, and preda- 
tion or parasitism could all be involved in promoting the decline of one 
form and the rise of another, but it was impossible to decide. Woodruff 
confessed that determining the exact changes involved in any of the suc- 
cessive replacements was too complex a task to be attempted, and he did 
not mar a classic paper by guessing. He had illustrated something closely 
comparable to Shelford’s fish succession, but in miniature; the environ- 
ment was continuously changed by the animals that lived there while 
there was always a reservoir of animals who could take advantage of the 
changed conditions. Although following orderly successions of stages, 
neither example led to a self-perpetuating climax as did plant succes- 
sions, which should not be expected, since animals are always depen- 
dent on outside sources of food. 

Recently there has come the story of a similar succession among big 
game animals of Africa, but one in which the environmental change 
brought about by each population in the succession is also known. In the 
Serengeti park herds of animals graze the same land in order; first zebra, 
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then wildebeest, and then Thompson’s gazelle (Figure 8.3). Shooting 
some of the animals in the act of grazing enabled Gwynne and Bell 
(1968) to obtain fresh stomach contents, and so find out what they had 
been eating. There was a variety of plant parts in all the stomachs, of 
course, but the zebras had eaten much more of the long flowering stalks 
of grass, the wildebeest had eaten the side leaves, and the gazelles had 
eaten a variety of low-lying leaves and fruits. Apparently the zebras were 
able, with their pinching equine incisors, to cut down the standing stalks 
of grass and did so, after which the wildebeest (with their bovine mouths 
untoothed in the upper jaw) could browse on the softer grass parts, 
finally clearing the way for the gazelles to find their more individual items 
of food, This still does not answer the question of why the zebras should 
stop at the dry stems and make way for the wildebeest. Why is the zebra 
so specialized in its feeding habits? This is the sort of question now being 
tackled by modern animal ecology. 

The quest for ecological successions in animal communities thus led to 
some interesting lines of inquiry. The quest for an animal equivalent of 
the ecological dominance of plants was less fruitful, although it is pos- 
sible, with a little ingenuity, to find uses for the word “dominant” when 
talking of animals. In a sense, predators dominate their prey. There is no 
violation of English meaning in talking about a large carnivore as a “dom- 
inant animal,” but the presence of large carnivores does not overshadow 
all the animals of the place. Perhaps the carnivore dominates the things it 
actually eats, but it can scarcely be held to dominate the lives of the rest 
of the myriad animals living in the area. In fact, large herbivores are better 
candidates for the honor of dominant species. The bison grazing the 
plains must exert a powerful influence on the lives of all the small grass 
eaters: on the antelopes, jack rabbits, mice, insects, and mites which also 
feed on the prairie, Food and room to live for the smaller animals must, to 
some extent, depend on the actions of the dominant bison, but acknowl- 
edging this does not seem to get us very far. There has recently sprung up 
a habit of talking about animals with the most biomass as being the most 
“dominant”; thus, if you found a greater mass of caterpillars than of bugs 
ona cabbage, you say the caterpillars are dominant. This usage is an ill 
treatment of English which is likely to lead to wrong thinking. In general, 
the idea of ecological dominance has not been of much use to students of 
animal communities. 


While zoologists of Shelford’s generation were beginning studies on com- 
munities of animals, botanists working with the more advanced discipline 
of plant ecology still faced the problem of how best to acknowledge the 
role of animals in the development of vegetation. Since much of the plant 
ecological work was devoted to the classification of communities, an 
imals were assigned roles in the classifications. The formation had 
become the biome. Seral stages of plant successions were known to be 
the homes of animals, often small ones, which lived nowhere else, sO 
these were called index animals of the communities in which they lived. 


Associations and sociations, however defined, were also likely to afford 
living places to particular species of animals which had adapted to them 
and whose presence must have some impact on the vegetation, and 
various attempts were made to include the names of characteristic animal 
species in the association descriptions. This led to a standard ecologist’s 
joke about the spruce-moose association. 

Yet field men everywhere knew that the plots of land which they stud- 
ied had characteristic living things, both animals and plants. Individual 
animals might be overshadowed by plants but the whole complex of 
animals of a place nevertheless must react very strongly on the plants. 
Some men began thinking not just of classifying vegetation, and then 
thinking of the animals, but of identifying functional units of all living 
things in which the plants were no more than equal partners. By 1914 we 
find them talking about units such as biotic associations, the boundaries 
of which were inclined to be drawn by habitat boundaries (Vestal, 1914). 

Then it came to be realized that all the units chosen to be studied 
somehow came to be defined by habitat, by physical inanimate limits. 
Braun-Blanquet acknowledged that his associations were aggregations of 
plants which detected areas of uniform habitat; Clements had accepted 
that even his superorganism had bounds set to its domain by climate. 
Now those who, like Vestal, set out to study the animals and plants 
together were to find the same thing. Plants, animals, and the physical 
environment had their fortunes inextricably meshed together and, fright- 
eningly complex though the meshes were, they must somehow be stud- 
ied as wholes. But what to call the new units, what names for the wholes? 
Various names in German and Greek came out of central Europe for the 
new entity; the holocene of Friederichs, the Naturcomplex of Markus, the 
Raume or “landscape unit” of Passarge. We read of biogeocenoses, of 
biotic districts, of biochores; and the names come from Europe, Russia, 
and the Americas (Whittaker, 1962). An idea had found its time and 
wanted but a word that was, clear, expressive, and did not twist the 
tongue. It was found when Tansley gave us the ecosystem (Tansley, 
1935; Figure 8.4). 

Tansley occupied an influential position in the development of ecol- 
ogy. He was an informal leader of a British school of plant sociology 
which learned both from the continental disputes and from Clements’ 
persuasive writing in English. British ecologists worked both with the 
man-scarred landscape of their island, when their problems were similar 
to those encountered by Braun-Blanquet in France and Switzerland, and 
with more virgin vegetations of British possessions in the Empire, where 
they often saw the things that the American disciples of Clements saw. 
They adopted some of the Clemencian ideas on succession, but without 
being sure that you must look for one areal climax; and they could use 
the descriptive techniques of Europe, perhaps, more those of Uppsala 
than of Zurich-Montpelier. 

Tansley’s ecosystem would be defined by habitat and vegetation, and it 
would include the animals of the space. You could choose any size area 
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Figure 8.4 


The first appearance of the word “ecosystem.”’ The paper by Tansley in which it appears is 
ina special issue of Ecology dedicated to H. C. Cowles of the Michigan sand dunes, from 
whose work sprang many of the thoughts of Clements, Shelford, and others who brought 
ecology to the point of thinking in systems. 


you liked to study, provided its boundaries were convenient; and then, 
freed from the problem of classifying imaginary units that graded one into 
another, you could set to finding how your chosen ecosystem worked. 
From this idea stems much of the progress of modern ecology, with its 
growing understanding of the functioning of the living world. The idea 
was born in the minds of many ecologists 50 years ago, lost as they then 
were to the politics of the “‘real’’ world, shut up in their ivory towers. But it 
fell to Tansley to come on the word which was to give substance to their 
thoughts. And they knighted Tansley for his services to British botany, S° 
that he became Sir Alfred Tansley. This might have brought a chuckle to 
the lips of they who wore the golden spurs at Agincourt or Crécy, but itis 
not hard to see who left the greater mark on his posterity. 


The earth is divided into a number of huge regions by the circulations in 
its atmosphere. Its surface is a patchwork quilt of air masses, each patch 
of continental proportions, each owing its position to the relative posi- 
tions of continents and oceans. The limits of each patch wax and wane 
with the seasons and through secular time, but the mean positions of 
fronts change only gradually with the changing geography of the earth. 
Each major air mass provides a distinct environment for living things, and 
also a distinct regimen for the weathering of rocks. 

The weather in the sway of an air mass determines what plants shall 
live. The plants then act as agents that modify the crust of the earth, 
driving their roots into the surface rock, mixing their dead parts with it, af- 
fecting its chemistry, making it into soil. But the weather also controls the 
soil directly, determining which minerals shall be leached away and 
which shall remain. These properties of the soil then influence the devel- 
opment of the vegetation in their turn. 

Vegetation, soil, and weather together make up the complete environ- 
ment in which animals must live. It follows that the patchwork of the 
earth's air masses is mirrored in a patchwork of forms of life. The enor- 
mous extent of each formation of plants, together with the soils and 
animal communities belonging to it, is set by the vast domain of an air 
mass. Often the borderlands between air masses are vaguely defined and 
then the borders of formations are vaguely defined also, so that we find 
gradients of vegetation across continents. But sometimes, as with the 
Arctic Front, the edge of an air mass is a clear-cut thing, for all that it 
wanders. Then formation boundaries may be made wonderfully distinct 
by the enduring qualities of forest trees, by the long span of their genera- 
tions; and by their looming physical presence, resistant to short-term 
change and controlling the microenvironments in which their own off- 
spring develop. 

Within the bounds of each formation there are smaller patches of 
plants, but these are poorly defined. Attempts to map them as units of a 
small mosaic within the greater mosaic of the formations have always 
failed, for the reality is that they grade one into another. As the environ- 
ment alters, both in time and space, so the vegetation alters, too, being 
made anew by the adjustments of the individual plants of which it is 
made. The labors of both plant sociologists and of pollen analysts lead to 
this same conclusion. The association is an ephemeral unit. And only 
when there is some discontinuity in the physical habitat can an apparent 
edge to an association be found. 

But patches of land could be conceived as functional units, which, small 
or large, could be looked on as natural systems. These are the eco- 
systems. They are not items in some mystical natural mosaic, but conve- 
nient portions of a grand natural continuum chosen for study. Within 
each ecosystem, the physical environment determines what plants shall 
live, and the plants control the soil and the microclimate. The soil further 
determines the plants. And the plants, soil, and climate combine to deter- 
mine what animals shall live there. And then the animals take a hand in 


125 
THE DAWNING CONCEPT 
OF THE ECOSYSTEM 


THE ECOSYSTEM AS 
LOGICAL OUTCOME 
OF GEOGRAPHIC 
STUDIES 


126 


THE ECOLOGICAL SIDE 
OF GEOGRAPHY 


determining what plants shall establish and persist. Everything that 
happens in an ecosystem affects everything else. Minerals are mined and 
circulated. Water and gases pass round and round between the habitat 
and living things. Much work is done in all this, and the energy needed to 
do this work comes from the unfailing radiation of the sun. 

So geography led us to vegetation, and vegetation to the understanding 
that life was lived as individuals, each inevitably acting on the others, 
both directly and by the changes it brought in the physical conditions of 
life. If there was no future for geographers in the boundless gradients of 
land and vegetation within the greater formations, the concept of the 
ecosystem was a greater reward. For we can understand and analyze 
systems. If you move a plant, or an animal, or a rock, you alter the system. 
Man is now engaged in moving plants, animals, and rocks, in an almost 
Godlike, if sometimes evil, way. Often, as when he builds a city, a sub- 
division, a dam, or a dust bowl, he destroys ecosystems that were once 
there to replace them with something novel. Up to now he has neither 
understood how his new ecosystems would work, nor cared what the 
results of their working should be. The results we all see around us. A first 
step toward doing something about the mess we have made is under- 
standing the wonderfully viable natural ecosystems that we have in- 
herited, systems refined by the fine adjustments of long spans of geologic 
and evolutionary time. 


PART 2 


ANIMALS AND 
PLANTS AS 
PARTS OF 
NATURAL 
SYSTEMS 


Because animals move about and cannot be seen in the mass zoologists, 
wishing to study how they lived in communities, were forced to begin by 
looking at the individual kinds of animal and asking themselves what the 
animal was doing; perhaps, more particularly, what it ate. Elton applied 
this approach to the rather simple communities of an arctic island 
where he found that foxes were tied both to the tundra and the sea by 
food chains. Animal communities thus existed, being firmly tied 
together by bonds of eating and being eaten, but they might overlap 
such distinct geographic boundaries as a sea coast. Once these commu- 
nities were identified it was immediately apparent that the animals low 
on food chains were both much smaller and much more numerous than 
the animals further up the chains. Although exceptions could be found, 
this arrangement was seen to be true for all kinds of animal communi- 
ties, presenting a general phenomenon that seemed to require a general 
explanation. Elton accounted for the fact that animals tended to be 
larger at each successive link up a food chain by the principle of fe ood 
size, since an animal must always be large enough to both overpower 
and ingest its prey, but this explanation still left the relative scarcity of 
large animals to be explained. This rarity of large animals high on food 
chains was only satisfactorily understood later when the food require- 
ments of animals were thought of in terms of calories and energy flow. 
Each time a portion of potential animal food is passed from one link ina 
food chain to another, some of the calories are used to do work, which 
is to say that energy is degraded according to the second law of thermo- 
dynamics. There is thus less energy available to each successive link in a 
food chain, meaning that less biomass can be made, with the final result 
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that large animals on the end of food chains are rare. The concepts of 
food chains and energy flow opened the way to analysis of natural 
systems based on measurements of such things as numbers, mass, and 
calories. From these studies also comes an understanding of some of the 
difficulties we have encountered with pesticides or trace pollutants, and 
of the development of human cultures since the Stone Age. 


Different kinds of animals generally live together in one place, but they 
are not all to be found in the neighborhood all the time. Many move 
about, feeding in different parts of their habitat or sometimes going away 
to a different place. As a result, the boundaries of animal communities are 
generally not as clearly delimited as those of plants, and attempts to map 
animal communities always end up by mapping vegetation boundaries 
instead. But if you cannot often map an animal community, you can yet 
be sure that it is there. Why do animals seem to exist in communities? 
Why are there big and little animals in a community instead of all being 
just one ideal size? Why are some members of the community always 
common whereas others are always rare? Answers to questions like these 
have been reached by looking at animal communities as groups of indi- 
viduals connected by their common interest in food, and from seeing 
how they shared the available food. Biologists have long studied the 
feeding of animals, of course, but our understanding of how community 
structure results from feeding stems mainly from the discerning work of 
one man, Charles Elton (1927). 

As a young man during the 1920s, Elton went with Oxford University 
expeditions to Bear Island, near Spitzbergen, then a favorite place for 
exploring parties; and there he studied the ecology of the tundra, a vege- 
tation in which the larger animals were not hidden by trees (Sum- 
merhayes and Elton, 1923). The most conspicuous animals of such a 
place are the arctic foxes, which wander about in the open landscape and 
are so tame that they are easy to watch. On St. George Island of the 
Pribilofs, | have had one attempt to take sandwiches from my pocket as | 
sat on a rock. Elton studied the community of which the fox must be a 
part. He noticed that foxes caught the summer birds of the tundra, the 
ptarmigan, sandpipers, and buntings; then he observed what the birds 
ate. Ptarmigan ate berries and leaves of tundra plants so that the fox was 
connected to the tundra by a chain of feeding habit, a food chain that ran 
tundra-ptarmigan-fox. The sandpipers and buntings ate insects, which in 
turn ate tundra plants, so that the food chains connecting the fox to the 
tundra through these birds were longer, running tundra-insects-birds-fox; 
but the fox was still “tied’”’ to the tundra by this chain of eating and being 


Figure 9.1 


eaten. But foxes also ate seabirds, such as gulls, eider ducks, and auks. 
Through these birds the fox was chained not to the tundra but to the sea, 
the food chains running through the birds to sea animals and thence to 
sea plants. In winter the birds flew away, and Elton found that the foxes 
survived by eating polar bear dung and the remains of the seals that the 
polar bears killed. The food chain that supported the foxes then might 
run: sea plant-sea animal-seal-polar bear-fox. There was thus on Bear 
Island a community of animals, of which the foxes were a part, that was 
based on both the sea and the land, whose existence cut across as beau- 
tifully distinct a geographic boundary as one could find, a seacoast. 
The foxes, which were the last link in the Bear Island food chains, were 
the largest land animals, for the seals and polar bears which hauled 
ashore, or wandered ashore in winter, were marine animals belonging to 
communities of the sea. The next lower link of the land food chains were 
the birds which the foxes caught, and these were at once much smaller 
than the foxes and also more numerous. Some of these birds were insect- 
eaters, so their food in turn comprised animals more numerous than 
themselves as well as being much smaller than themselves. As you 
worked up through a food chain it seemed that the animals became 
progressively larger and less abundant. A community could be separated 
into groups of animals of similar sizes. The animals in each of these 
groups would be feeding at about the same level in its food chain, and the 
smallest size classes would contain most animals. If you drew a graph of 
size class against number of individuals, your figure would look roughly 
like Figure 9.1 and each size class represented by a box in the figure 
would consist of animals feeding in the same level of a food chain, or at 
the same trophic level (from the Greek word meaning “nurse” or 
“suckle”’), If you redraw the figure with the vertical axis in the middle in- 
stead of at the side you get the pyramidal diagram in Figure 9.2. Elton 
called this result, “The pyramid of numbers.” ; 
It seemed plain that there was a pyramid of numbers associated with 
all communities, since it is common experience that large animals are 
less abundant than small ones (Figure 9.3). Elton did not need to go out 
and make counts to prove this assertion. In the words of the Chinese prov- 
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erb, “One hill cannot shelter two tigers,” although it undoubtedly had 
many smaller animals; and in Elton’s words, “If you are studying the 
fauna of an oak wood in summer, you will find vast numbers of small her- 
bivorous insects like aphids, a large number of spiders and carnivorous 
ground beetles, a fair number of small warblers, and only one or two 
hawks’ (Elton, 1927). 

As animals became larger and rarer, they also had larger home ranges; 
the whole hill for the tiger, a patch of woodland floor for a spider, one 
shoot of a plant for a whole generation of aphids. So the distribution as 
well as the abundance of animals was reflected in the pyramid of 
numbers, the larger animals being more wide ranging as well as less 
numerous than the small animals. 


The large animals were those near the ends of food chains; why was this? 
Elton suggested that it must be because of the simple problems of 
catching and eating food. Generally an animal must be large enough for 
its mouth to engulf its prey; but, on the other hand, the prey must not be 
so small that it became impossible for the animal to catch enough of it. 
There is an advantage in an animal’s being big, so that it can easily catch 
and eat its prey, but it must not be so big that it cannot catch enough 
small prey to keep itself alive; so there must be an optimum size for any 
animal, a size determined by the size and agility of its food. Animals of 
different trophic levels, therefore, are likely to be of distinctly different 
sizes. Elton summarized this conclusion as the principle of food size. 
It explained not only the increased size of animals in successively 
higher links of food chains but also some of the exceptions. Lions are 
no bigger, or are even smaller, than the ungulates on which they prey 
because they have evolved specialized techniques for catching large prey 
and reducing it to mouthfuls, but most animals have not done this and 
must have their own size adapted to the size of their food. 

Any one animal usually eats a variety of food and thus, like the arctic 
foxes of the first example, may be a part of several food chains that inter- 
sect. On the other hand, food chains starting from a plant source must 
commonly radiate outward as the plant food is eaten by different her- 
bivores, and as they are eaten by different carnivores, and so on. There is 
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Eltonian pyramid of numbers on the floor of a forest in Panama. Williams (1941) collected 
all the animals in small samples of the litter on the floor of the forest, counted the individuals 
of his catches, and sorted them into size fractions. The smallest and most numerous animals 
were Collembola (spring tails) and mites, both of which were herbivores or scavengers 
feeding in the litter. The larger rarer animals, such as ground beetles and spiders, were car- 
nivores, 


thus really a complex food web formed as the food chains first radiate 
outward from the plants and then come together toward the top of the 
pyramid (Figures 9.4 and 9.5). 


The pyramid of numbers is a pyramid of species number, as well as of 
numbers of individuals. In the Bear Island example, the fox was the only 
species at its trophic level, but there were several kinds of birds on which 
it fed, and many more kinds of insects in the trophic level below that. 
Thinking about any community quickly convinces one that there are 
always fewer kinds of animals in the higher trophic levels. The hill shel- 
tering its tiger shelters few, if any, other large carnivores, but there are 
many kinds of rodents and birds on a Chinese hill, and very many kinds 
of insects. That the food chains converge after initially radiating means 
that the animals of the higher trophic levels must have varied diets, that 
they must be less specialized in their feeding habits than the animals 
lower down. Position in a food chain and the pyramid thus places re- 
straints on the feeding habits of an animal, with those at the top accepting 
many kinds of food. Feeding habits reflect all the adaptive qualities of an 
animal, its physiology, its mechanical abilities, its behavior; and all these 
qualities of an animal fit it for a role in life, a profession that enables it to 
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THE FOOD CYCLE 


Hypothetical food web. It is assumed that there are three species of plants, ten species of in- 
sect herbivores, four insect carnivores, two bird herbivores, two bird insectivores, and one 
hawk. In a real community, there would not only be many more species at each trophic 
level but also many animals that feed at more than one level, or that change level as they 
grow older. Some general conclusions emerge from even an oversimplified model like this 
however. There is an initial diversity introduced by the numbers of plants. This diversity is 
multiplied at the plant-eating level. At each subsequent level the diversity is reduced as the 
food chains converge. 


get its food. Elton called this profession of an animal its niche, and 
defined this as the animal’s place in the biotic environment, its relation 
to food and enemies. Shelford had earlier been groping to the same end 
with his mores (Chapter 8), but the ring of clarity was not in Shelford’s 
word, nor had he connected his description of the animal’s profession 
so closely with feeding habit. There is an immediate idea conveyed by 
the simple English sentence “every animal has its niche” that defies 
confusion. 


The scattered pathways of the food web were the routes of food sub- 
stances passing along the food chains and through the animal commu- 
nity. Food substances had their origin in the inorganic environment and 
were finally returned to it. The animals acquired all the carbohydrates, 
and proteins of which they were made from plants. All of them burned 
sugars and breathed out the carbon dioxide that plants would someday 
use again. They broke down proteins and excreted nitrogenous com- 
pounds into the environment, where these were further broken down by 
bacteria. If animals were not eaten but died, their bodies were eaten by 
scavenger animals, who might in turn die and be eaten by smaller scav- 
enger animals, so that there were food chains of scavengers, later to be 
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Food cycle among the animals on Bear Island. Elton worked out the details of this food cycle 
by seeing in the mind’s eye the movement of nitrogen with the food through the community. 
Some of the pathways he was able to confirm by direct observation, others (shown as dotted 
lines) he could only infer. He notes that the best way to read the diagram is to start with 
marine mammals and to follow the arrows. (From Summerhayes and Elton, 1923.) 


neatly called saprophyte chains by Odum. Particles of food were passed 
along these chains, too, until all had been broken down to simple in- 
organic constituents and cycled back to the physical environment. 
Other particles of food were deflected from traveling all the way up the 
food chains by being eaten by parasites. These particles would cross 
into another food chain if the parasite was eaten by a predator, as when a 
bird eats a tick off the back of a sheep, or they could pass into the parasite 
of a parasite, and thence through a parasite chain. 

There can be parasite chains of several links in nature, as when a wasP 
parasitizes a caterpillar, has its own maggot parasitized by a second 
species of wasp as it lies within the first unfortunate caterpillar. The sec- 
ond wasp maggot might well be attacked by a protozoan parasite (the 


results appearing as a syndrome which we should call disease’). And it 
is not too fanciful to expect that the protozoan might sometimes succumb 
to a bacterium, and the bacterium to a virus. The result is a food chain in 
which the animals of each successive link are smaller than those of the 
link above. Members of the successive links of parasite and saprophyte 
chains are always smaller and smaller as the last link is reached because 
the niches they occupy require them to be smaller than their food. 

Elton talked of the passage of food through the animal community as 
the food cycle. It gave both an intellectual tool for understanding animal 
communities, and a practical tool for unraveling the complexity of a real 
one. Elton had been able to unravel the Bear Island food chains and food 
web partly by tracing the pathways followed by one ingredient in the 
food, nitrogen. It seemed likely that much of the nitrogen cycling through 
the island community as nitrate and ammonium salts came from the 
droppings of sea birds which abounded around the coast. This ni- 
trogenous manure was used by plants. In the mind’s eye, it was possible 
to see the nitrogen moving to herbivorous insects, thence to the land 
birds, thence to the fox, thence via its urine to the beaches, thence to the 
sea, and so on (Figure 9.6). The actual tracing of nutrients through a com- 
munity to reveal all the manifold pathways of a food web was beyond the 
technology of the 1920s, but now itis possible to introduce radioactively 
labeled nutrients into a system and to monitor their appearance in succes- 
sive links of the food chains and trophic levels of the pyramids. 


The Eltonian pyramid and the concept of the food cycle should have 
enabled us to anticipate one of the disasters of our day, the slaughter of 
birds and animals by insecticides. Why, when we spray our crops with 
concentrations of DDT which will kill insects but which are much too 
low to hurt vertebrates, do many birds die? The DDT soaks into the insect 
cuticles or is eaten by them, so that they collect it in the fat of their bodies. 
Many die, but some are eaten by other insects, or by spiders, or by small 
birds, the predators of the next link in the food chain. These predators 
collect in the fat of their bodies the DDT from many insects, concen- 
trating the insecticide there. They may excrete some of it, but this rid- 
dance is balanced by more coming with the next meal. The hoard in their 
bodies is maintained. When the predator of the next link eats them it 
receives a concentrated dose of the poison. If it is not killed by it, it goes 
on collecting more by eating other animals that have stored it in their fat, 
until its own fat reserves are riddled with it. A hawk or carnivorous 
mammal then eats these animals and receives a gradually fatal dose, or 
One that prevents it from breeding which has the same population effect. 
Peregrine falcons are vanishing all over the world. The skylarks that 
made a brave display over the English wheat fields in the years of Hitler's 
war may be in danger now. Bald eagles and pelicans are disappearing 
from America, and some of the woods are quieter in the spring. When 
DDT was invented we already had the information which would tell us 
that this must be, but no one had the wit to use it. 
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Elton’s insight had shown how we should identify animal communities 
from the food chains and the pyramid of numbers; how we should study 
communities by means of the food cycle; and how these principles 
explained much of the distribution and abundance of different kinds of 
animals, why some were large and rare, and others small and common. 
But he did not provide a sufficient explanation for the pyramid of 
numbers itself. The animals high in food chains must be big, certainly, but 
why so few of them? Partly this might seem a result of simple geometry, 
that you can pack many small things in the space occupied by one big 
one, but thoughts about animals in the wild show that this is not a good 
enough explanation. In the open ocean, for example, there is apparently 
unlimited room for sharks but, in fact, they are spread very thinly through 
this space. Why are there so few top carnivores? Elton’s answer was that 
small animals can reproduce more quickly than big ones, which means 
that they can keep up a vast supply of offspring even though many get 
eaten. The big animals breed more slowly, and so cannot support such 
large populations in the face of predation and accidental death. This 
explanation has a vaguely unsatisfactory ring about it. In time Elton’s 
work prompted others to offer a more satisfying explanation, one that 
emerged from studies on lakes. 

The animal communities that live in lakes have long been a favorite 
with ecologists because they, more than most communities, may be stud- 
ied in some isolation from the other communities of the neighborhood, 
and because the accidents of weather are not often dramatically upsetting 
ina lake. Raymond Lindeman (1941a, 1941b) had worked for his doctor- 
ate during four years of the late 1930s on a small lake in Minnesota, trying 
to study the basin as a complete system, working out the past history of 
the local vegetation from borings around its edge, and watching the for- 
tunes of the various trophic levels within the lake from year to year to give 
him an impression of the slow changes associated with the succession. 
He tried to understand the niche of each animal, how it fed and on what it 
fed. And he looked at food, not as particulate matter to be returned to the 
physical system as Elton had done, but as the energy supply of the 
animals. Food for him, as for many men before him who had been inter- 
ested in production of living systems, was something to be measured in 
calories. When this calorie food was used up, it was not cycled back to 
the physical environment but was dissipated as heat. 

When Lindeman had written his doctoral thesis on these matters, he 
went to work at Yale with the ecologist G. E. Hutchinson, who had in- 
dependently been thinking on these lines. The result of their collab- 
oration was published by Lindeman in what is one of the most famous 
papers in ecology (Lindeman, 1942). One part of this paper was to show 
how energy flowed through a community, how it was continuously dis- 
sipated as heat, and how this energy flow explained the Eltonian pyramid. 

The energy that is the true food of the community all comes from the 
sun. In photosynthesis the plants fix energy, storing it as potential energy 
in their body substance, and this body substance is the food on which all 


the animals of the community have to depend. When an animal eats a 
plant it uses energy to do so, since it performs work in the process. The 
end result of its doing this work is that some of the food, or potential 
energy, has been transformed into its own protoplasm, the potential 
energy of its own body. In the feeding process, energy had been trans- 
ferred from one state (potential energy of plant protoplasm) into a second 
state (potential energy of animal protoplasm), and these energy transfers 
are, according to the second law of thermodynamics, never 100 percent 
efficient. They always involve degradation of some of the energy to a 
lower potential state, usually heat. The energy degraded by the herbivore 
was used to do the work of feeding. When a carnivore eats the herbivore 
there is a second loss of energy to the community, due to the degradation 
of energy in the second transfer, and so on up the food chains. Energy is 
constantly flowing into each trophic level from the trophic level below, 
and is constantly being dissipated as heat within each level. Since the 
energy is constantly flowing, the only way to measure or describe it is as 
the amount passing through in unit time, that is as a rate. It is possible to 
visualize the energy flowing through any trophic level as a rate in this 
way, say as the number of calories per square meter per day. It is obvious 
that the flow available to each successive trophic level is less than that 
available to the level below it. The whole process may be represented as 
a pyramid of energy as shown in Figure 9.7. 

Since the energy flow of each higher trophic level is less than that of the 
level below, it is obvious that less protoplasm can be supported at each 
level, at least, if the protoplasm is about equally energetic. If the animals 
of each trophic level were of the same size, they would yet have to be 
rarer and rarer toward the top of the pyramid where energy is in shortest 
supply. Since the animals at the top are, in fact, the larger and most active 
animals, they are sharing a diminishing supply of energy among increas- 
ingly large and active bodies. The animals high in food chains, therefore, 
must be few, and the Eltonian pyramid is a necessary consequence of the 
second law of thermodynamics. This was the intellectually satisfying truth 
that Lindeman and Hutchinson saw from their studies of the life in lakes. 
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It is the common experience of biology that predatory food chains never 
have more than four, five, or (rarely) six links, and that the last animals in 
these longest chains are large. On land, the largest true carnivores are the 
big cats. The biggest things in the sea that we think of as truly predatory, 
the largest sharks and killer whales, are even bigger than the biggest cats, 
but there seems a clear size limit to the predatory way of life in the sea 
too. Animals that preyed on big sharks and the biggest cats would have to 
be very large and active, and they would have to maintain this large ac- 
tive state on the restricted amount of energy that could be made to flow 
out of the shark-cat trophic level. Apparently the potential energy avail- 
able to the niche of shark or lion-eater is too little to support a viable pop- 
ulation of animals, and no such animals have evolved. The second law of 
thermodynamics thus apparently sets a practical limit to the length of 
food chains, and it also sets limits to the size of the largest viable car- 
nivore. But there are animals that are much larger than lions and sharks, 
and there have been some big ones in the past too. Their niches can be 
examined in terms of the principle of energy flow also. 

Elephants and big ungulates are larger than lions. In the past there have 
been bigger mammals still, such as giant ground sloths and Ti- 
tanotherium, the largest mammal ever. There have also been the largest 
reptiles of the Mesozoic. These are all land animals and they have all 
been herbivores. Because land vegetation exists in large continuous 
chunks, big animals have been able to feed on it directly. All these large 
animals occupy the herbivore trophic level, the second link in their food 
chains, where the energy flow is large. Since there is much energy 
flowing into their trophic level, and since their way of life does not 
require the energy-consuming activity of hunting, it has been possible to 
support a large biomass of these animals, with the result that individuals 
could be large. 

There is, perhaps, but one land animal that seems a little hard to 
explain in this way, because it was a carnivore: the huge Tyranosaurus 
rex, “the largest carnivore in history,” and the horrific creature beloved of 
cartoonists and science fiction movies. This animal was certainly much 
larger than all the land carnivores of subsequent times; what enabled it to 
escape the constraints apparently placed on its successors by the second 
law of thermodynamics? In trying to answer this it is important to note first 
that the tyranosaur fed at the same level as its modern successors, the big 
cats. It fed on herbivores, relatively low in the food chain where the 
energy flow was still considerable. But we know that there were many 
kinds of very large herbivore about, animals that, in the absence of pack 
hunting predators like dogs, could only be overcome by very powerful at- 
tackers. So we might conclude that the necessity for mesozoic predators 
to be large and ferociously active is self-evident. Yet there is another pos- 
sibility, one prompted by a recent revision of what a tyranosaur actually 
looked like. The classic picture of the hopping predacious tyrant is 
derived from nineteenth century reconstructions of the animal. A revised 
reconstruction of 1968 shows it to be a waddling, slow-moving beast, not 
at all the sort of thing one can imagine rushing with slavering fangs after a 


herd of galloping brontosauri. But it probably got them all the same, 
picking out the weak and the sick; and often getting them only as carrion. 
This is really not so very different from the methods of many modern 
predators, who rely extensively on weakened individuals from the herds 
of their prey (Chapter 28). The tyranosaur still supported a large mass by 
meat-eating, but it escaped the energy-consuming price of being active 
and having to overpower prime specimens of the giant prey it ate. 

Apart from Tyranosaurus and some close relatives, then, the really 
large animals of the land are all relatively sluggish herbivores. The energy 
available in the carnivore trophic levels is not sufficient to permit both 
very large size and the activity required by predation. But the largest 
animals that have ever existed live in the sea, not on the land, and they 
are carnivores; the baleen whales. The plants of the open sea are minute. 
Nowhere in the open ocean are there lush pastures where a sluggish her- 
bivore may feed, so that all herbivores of the open sea must be small 
enough to catch their tiny floating and swimming food. The way of life of 
a marine herbivore is, in fact, rather like that of a terrestrial carnivore in 
that it has to catch discrete moving food, with the fast dissipation of 
energy that this implies. But the small herbivores, the zooplankton, live 
suspended in a void with nowhere to hide, and baleen whales have in- 
vented a way of catching vast quantities of them with the minimum ex- 
penditure of energy; they net them out of the ocean with the sieves of 
whalebone which flank their mouths. Because they feed much lower in 
the Eltonian pyramid than do the sharks, they receive a larger energy 
flow; because their method of feeding is lethargic, they conserve energy; 
hence, there is enough energy available to their niche for the animals to 
be enormous and still be common. 


Men were once hunters and gatherers of food. Throughout most of the 
Stone Ages and most of human history, small bands of men were spread 
across the earth, a sparse population of nomadic hunting peoples. Men 
were primarily carnivores in the Eltonian pyramids of the time, occupying 
a niche for which the energy supply was limited. And they used much of 
the energy they did win in pursuing active lives. Men were scarce. Then 
they learned to herd animals instead of hunting them, a trick that not only 
gave men a more certain supply of meat but that also let them squeeze 
out other top carnivores. The niche of herdsman yielded more energy 
than the niche of hunter because it ensured a larger supply of the game. 
Men could become more numerous. Then they tried another trick. They 
invented agriculture and started acting partly as sedentary herbivores. 
There was even more energy. available to this niche, and men became 
more numerous still, founding cities and civilizations. So the history of 
our kind can be read in terms of the Eltonian principles. We started as 
hunters, active and rare. Then we climbed down the Eltonian pyramid, 
displacing first other carnivores by herding, and then reaching the bottom 
of the pyramid by becoming herbivores. We displaced very many of the 
original herbivores and appropriated their energy flows for ourselves. We 
used this energy to make more bodies with. And we conserved energy by 


141 
ANIMAL. COMMUNITIES BY 
FEEDING HABIT 


HUMAN HISTORY 
AND THE ELTONIAN 
PRINCIPLES 


142 


ANIMALS AND PLANTS AS 
PARTS OF NATURAL 
SYSTEMS 


ELTONIAN PRINCIPLES 
AND THE ECOSYSTEM 


being sedentary, thus freeing still more energy to make bodies with. The 
end result of this process is the rice-eating peasantry of Asia, with the den- 
sest local populations known. The comparatively carnivorous Americans 
and Europeans are much thinner on the ground. But their numbers con- 
tinue to rise. Soon they will give up meat-eating and adopt peasant habits 
eventually like those of Southeast Asia. Unless, of course, they prevent 
their populations from rising further. 


The four phenomena identified by Elton (who called them ‘‘principles’’) 
were: 


Food chains and the food cycle 
Size of food 

Niches 

The pyramid of numbers 


and the fifth principle of Lindeman and Hutchinson is: 
Energy flow 


These five principles, put forward as guides to the understanding of the 
structure of animal communities, led to more than this. They provided an 
intuitive understanding of how ecosystems worked; linking the animals to 
the plants and the physical environment. Onto the surface area of any 
ecosystem there flowed a regular source of radiant energy. This energy 
source drove the climatic cycles that are manifested as weather, pro- 
viding rainwater and other environmental necessities of life. Part of the 
energy supply was captured by green plants, enabling them to manufac- 
ture large molecules and start the food cycle. The food passed through 
various pathways, through decomposers, herbivores, and carnivores, and 
thence back to the physical environment. In the plant tissues and with 
every transfer of food, work was done, degrading energy to heat and 
radiating it out, first to the atmosphere and then to outer space. The food 
cycles were driven by the constant energy-flow of solar radiation. Like a 
man puffing at a toy windmill, the sun kept the cycles in motion; the 
systems only continue to go round and round because of the outside 
energy source. Animals successively further up food chains were geared 
more and more remotely to the same prime energy source, feeling only 
what was left of the puff after much of it had been dissipated by doing 
work for others. 

At last, we had a conceptual model of the way the natural world 
worked, one that seemed to hold promise both for meaningful measure- 
ments of the doings of living things, and perhaps for an eventual predic- 
tive theory of ecology. Every ecosystem started with a finite and measur- 
able energy source. What it did with this energy determined how many 
plants and animals there could be. We should measure the energy 
requirements of the ecosystem, piece by piece. We should try, through 
measuring (if we could) the parameters of the niches of animals to see 


what limited the efforts of any one kind to get energy. We should try to 
understand the forces that translate these restrictions on a species’ 
energy-getting power into a population of a certain size: to understand 
the regulation of populations within an ecosystem. And we should try to 
measure the influence of one ecosystem on another, so that one day we 
might have a working idea of the globe as one ecosystem. Most of mod- 
ern ecology can be seen as pursuits of these goals. 
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The realization that food energy is the final arbiter of the activities of 
animals and plants, and hence of their numbers and sizes, makes it im- 
portant for an ecologist to know how efficient plants are at converting 
solar energy into organic molecules. Much has been learned from the 
work of plant physiologists. A first finding is that only half the available 
solar energy, essentially that comprising visible light, is used by plants in 
photosynthesis, apparently because only light of these wavelengths is 
sufficiently energetic to cause the required electron transitions. The ef- 
ficiency at which the remaining wavelengths are used can be measured 
by monitoring the rate at which sugar is produced and comparing the 
calorific value of this sugar with the calories supplied to the plant as 
light. Rates of sugar production are estimated from gas exchange 
measurements. Laboratory studies suggest that all plants in conditions 
of dim light can convert solar energy into sugar with an efficiency of 
about 20 percent. In bright light, however, this efficiency falls progres- 
sively leveling off at about 8 percent, and this is true for all plants 
whether small algae or large land plants. This falling off of efficiency in 
bright light is apparently due to the scarcity of the essential raw material 
of photosynthesis, carbon dioxide. Physiologists thus have shown how 
well plants do in laboratory culture, but ecologists are more interested 
in knowing the efficiency of plants living under natural conditions and, 
indeed, of complete pieces of vegetation. Various field measures of 
growth and gas exchange provide data of this sort and suggest that 
average efficiencies on good land in the field are only about 2 percent. 
Actively growing plants of wild vegetation may achieve the 8 percent of 
laboratory studies, but the average for the whole vegetation throughout 
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the growing season is only 2 percent. This is probably because there are 
times during the year when plant cover is not complete, thus allowing 
sunlight to fall on bare ground, or when shortage of water or other phys- 
ical adversity prevents plants from working at maximum efficiency. 
Algae are basically no more efficient than land plants, although it is the- 
oretically possible to maintain algal cultures at an efficiency of 8 per- 
cent whereas field crops attain efficiencies of no more than 2 percent. 
The energy cost of such algal culture, and the difficulty of harvest and 
maintenance, makes this a dubious advantage however. Misplaced 
belief that algae are more efficient than land plants has been partly 
carried over into an equally misplaced belief that the oceans are poten- 
tially highly productive places for farming. In truth the seas generally 
are comparable to terrestrial deserts, producing very little; a condition 
that results from a shortage of such essential nutrients as phosphorus. 
Improving terrestrial agriculture is likely to be much more fruitful than 
attempting to farm the oceans. It should yet be noted that the best agri- 
culture does no more than approach the productivity of the vegetation 
that it replaces, and that our efforts have not been able to increase the 
efficiency of any plant to even the slightest extent. A high-yielding crop 
is merely one which lays down much of its production in parts that men 
like to eat. 


Of the solar energy that reaches the earth, some is absorbed in the upper 
atmosphere, but most passes through to reach the solid or liquid surface. 
Radiations that pass through the atmosphere are either reflected from 
bright surfaces or are absorbed in the earth’s crusts and oceans. The radi- 
ant energy absorbed in rocks, water, and living things is degraded to heat 
and eventually radiated outward. These far-red radiations warm the 
atmosphere and do work driving the circulation of the air, the effects of 
which we know as weather. The warmed atmosphere itself radiates heat 
outward to space. The average daily input of energy from the sun to the 
earth is exactly balanced by the average daily energy lost from the earth 
by radiations to outer space, providing a condition known to physicists as 
a “steady state.” 

Some large part of the energy being degraded to heat at the surface of 
the earth is absorbed by inanimate objects, by rocks and water, serving 
only to raise their temperature. But part of the total solar energy is ab- 
sorbed by green plants. The plants do work in the process of pho- 
tosynthesis to convert some of the energy they absorb into the potential 
energy of glucose, and it is this portion of the total solar energy which is 
the ultimate energy source for all living things. The rate at which solar 


| 


radiations are converted to the potential energy of organic compounds 
sets a limit to the activities of life and thus is the final arbiter of the dis- 
tribution and abundance of animals and plants. An ecologist must at- 
tempt to gauge the limits set by this process of energy storage. How ef- 
ficiently do the most efficient plants convert solar energy to glucose? Are 
some plants, or plant communities, more efficient than others? What 
limits this ecological efficiency of plants? 

The results of photosynthesis can be summarized in the well-known 
photosynthesis equation as follows: 


J 
6CO, + 6H,O 285 CoH 205 + 602 


This equation is poor chemistry because it shows only the beginning and 
ending of a complex series of reactions in which many other molecules 
take part, but it is useful because it shows the proportions of gases given 
off and absorbed during the synthesis of glucose. The rate at which 
glucose is synthesized in a plant is hard to measure directly, but it is a 
comparatively simple matter to measure the rate at which oxygen is 
evolved by a plant or the rate at which carbon dioxide is absorbed, rates 
that are proportional to the synthesis of glucose and enable this to be 
calculated. In practice, allowance must always be made for the fact that 
plants are continually respiring, a process in which they absorb oxygen, 
release energy from glucose, and give off carbon dioxide, the exact op- 
posite of photosynthesis, in fact, as follows: 


t 
CgHi20, + 60, ““ 6CO, + H,O 


The gas exchanges of respiration may be measured in the dark, and then 
allowance made for the respired gases when measurements are made on 
a photosynthesizing plant in the light. Simple chemical titrations, spec- 
troscopic methods, rate of evolution of oxygen bubbles in water, and 
measurements of pressure changes produced by bubbles of oxygen over 
water have all been commonly used. The essence of the method may be 
summarized as follows: 


1 Measure oxygen added to container in unit time in light. 
2 Measure oxygen taken from container in unit time in dark. 
3. Add volume O, added in (1) to volume O, Jost in (2) to derive total O, 
produced by photosynthesis in unit time 
OR 
4 Add volume CO, lost in unit time in light to volume CO, added in unit 
time in dark to derive total CO, used by photosynthesis in unit time. 


An obvious objection to all these methods is the assumption that respira- 
tion by day and night are the same. We calculate the volume of CO, re- 
spired in daylight from estimates of what the plant does in the dark. This 
is surely not fair. When the plant is working away at synthesis in the 
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daylight hours it should be respiring more than at night when it is doing 
less obvious work. There is no easy way round this difficulty (Westlake, 
1963). It means that our measures are probably marginally too low, but 
this is not important for the main argument. 

Men have measured the rates of photosynthesis of algae and detached 
parts of large plants in laboratories by various methods based on gas 
exchange for about three-quarters of a century; under more and more 
varieties of experimental conditions and for an ever-increasing list of 
plants. There is thus in the literature of plant physiology a great mass of 
data on which one can draw to answer ecological questions about the ef- 
ficiency of photosynthesis. 

A first finding is that only visible light is used, in spite of the fact that 
half of the solar energy reaching the surface of the earth consists of infra- 
red radiation. These red radiations may warm the plant, thus affecting the 
rate of photosynthesis, but they are not used for the synthesis itself. They 
are in a sense wasted, and we must in some way account for this. One 
explanation sometimes offered calls on the early history of evolution, for 
we believe that life, including photosynthetic life, began in water where 
radiations of the far red do not penetrate. Water absorbs red light much 
more strongly than blue light so that a water-plant is virtually shielded 
from infrared radiations. A form of synthesis evolved in water would not 
be adapted to red light, making it possible to claim that failure to use red 
light by land plants is a heritage of an aquatic ancestry. But this explana- 
tion requires that photosynthesis could not adapt to use energy of the red 
even over the time-span of several hundreds of millions of years during 
which plants have lived on land. This is something biologists should 
always have found hard to believe. And the matter is anyway satisfac- 
torily explained by matters of quantum energy. 

Different wavelengths of electromagnetic radiations both have different 
energies and different chemical effects on the molecules that absorb 
them. There is seven or eight times as much energy in a quantum of light 
at the blue end of the visible spectrum as in a quantum of light in the near 
infrared wave band in which much of the total solar radiation is received. 
And the more intense blue wavelengths produce highly specific electron 
transitions. When they are absorbed at particular chemical loci, their 
energy is largely used to raise the energetic state of electrons. Photo- 
synthesis works by directing the way in which these excited electrons 
fall back to lower energy states. But much of the lower intensity radiation 
in the red wavelengths causes only diffuse vibrations when absorbed. 
There are then few specifically excited electrons for the plant to direct, 
and most of the energy becomes dissipated as heat. This state of affairs is 
illustrated in Table 10.1 Photosynthesis is only possible with radiations 
that largely result in electronic transistions. Low wavelengths produce 
mostly thermal vibrations, and the highest wavelengths are ionizing. 
About half the total solar energy, essentially visible light, produces the 
required electron transitions, and it is this half that is used in photo- 
synthesis. 


Solar Energy Distribution and Photochemistry 
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Only radiations that result largely in electronic transitions can be used by photo- 
synthesis. lonizing radiations cannot be used, nor can low intensity radiations 
which result largely in vibrational transitions and dissipation as heat. As a result, 
photosynthesis effectively uses only visible light. (From Morowitz, 1968.) 
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Laboratory measurements of the rate of photosynthesis are usually 
made on microscopic algae in small containers of water or nutrient 
medium, or on whole leaves or disks cut from leaves of higher plants, or 
on whole seedlings. Artificial light sources enable the energy supplied to 
be measured directly, such physical parameters of the environment as 
temperature can be carefully controlled, and the gas exchanges of the 
photosynthesizing plants can be assessed with great accuracy. The rate of 
photosynthesis is given by the rate at which oxygen is evolved. At weak 
light intensities, this rate of photosynthesis is found to be proportional to 
the light quanta supplied; more light results in more photosynthesis, 
which suggests that the process at these light intensities is limited only by 
the amount of usable light energy available. The efficiency of energy con- 
version is given by the ratio of energy supplied per unit time to the energy 
equivalent of carbon compounds synthesized per unit time thus: 


Efficiency of energy conversion 


_ energy supplied per unit area per unittime | | 99 


energy equivalent of carbon compounds 
synthesized per unit area per unit time. 


For small laboratory cultures under the best contrived conditions, and in 
low light intensities, the efficiency of energy conversion turns out to range 
from 15.7 percent for the red end of the visible spectrum(7000 angstroms) 
to 27.5 percent at the blue end 8000 angstroms) (Gaastra, 1958). The 
average efficiency for photosynthesis in ideal conditions and in natural 
sunlight at low intensity may thus be taken to be roughly 20 percent. Such 
efficiency seems good. Much energy must clearly be used to do the 
complex work of photosynthesis, suggesting that 20 percent is probably 
the best that can be allowed on thermodynamic grounds. Arguments 
about why plants can apparently never do better than 20 percent when 
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Figure 10.1 


supplied with natural sunlight require a theoretical and quantum- 
dynamic approach. For an ecologist there is the more pressing question of 
why plants in nature in fact rarely achieve efficiencies comparable to 
their demonstrated capabilities of 20 percent; since they very seldom do 
attain such efficiencies. 

If the light intensity of the experimental system is progressively raised 
there comes a time when the increase in the rate of photosynthesis begins 
to decline until finally the rate remains constant and cannot be raised, 
however much the quanta of light received are increased. Indeed, at very 
high light intensities the rate of photosynthesis may actually be de- 
pressed, an event that is thought to be due to photooxidation of some of 
the enzymes crucial to the process. That there should be an intensity of 
radiation which damages the plant system seems logical, but that there 
should be a limit to photosynthesis under quite moderate light intensities 
need not be anticipated on logical grounds. A curve of rate of pho- 
tosynthesis plotted against quanta of light received within the normal 
range of radiation looks like Figure 10.1. It seems that, in light intensities 
above a critical level, light no longer sets limits to the rate of pho- 
tosynthesis but that some other factor must do so instead. Obvious physi- 
cal parameters such as temperature or pH do affect photosynthesis, but 
they affect the performance at low light intensities as well as at high, al- 
tering the values of points on the curve but not its overall shape. But 
changes in one factor, carbon dioxide, will move the leveling off point, 
raising the asymptote if supplied in excess and lowering it if in restricted 
supply. The effect of increasing the concentration of carbon dioxide is 
illustrated in the diagram in Figure 10.2. Thus no doubt exists that it is the 
supply of carbon dioxide which limits the rate of photosynthesis in bright 
light. Although in dim light the rate of photosynthesis is set by the ener- 
getics of the process, it is the supply of the raw material, carbon dioxide, 
that sets a limit when the energy flux is large. This need not be surprising, 
for carbon dioxide is a scarce component of the atmosphere, being 
present at about .03 percent by volume. There must obviously be a limit 
to the speed with which so rarefied a substance as that can be extracted. So 
we may give a partial answer to the question, ‘why do plants in nature 


Figure 10.2 


fail to fix energy at their theoretical efficiency of 20 percent?” by saying, 


“because the carbon dioxide needed for the process is in short supply.” 


Adding carbon dioxide to an experimental system cannot raise the rate 
of photosynthesis indefinitely, however, for there is always an asymptote 
beyond which the addition of more carbon dioxide fails to raise the rate 
whatever the light intensities used. A general explanation for this might 
be that the photosynthetic mechanism of plants is adapted to the range of 
carbon dioxide concentrations actually found in nature rather than to 
some theoretically ideal concentration. The carbon dioxide concentra- 
tion near where plants live does vary a little, particularly, say, at night 
under the canopy of a forest where the respired gases of the living things 
of the forest collect, so that it is reasonable to expect that plants have 
adapted their mechanisms to take the best advantage of the carbon 
dioxide supply that may be present at any one time. This is why the ef- 
ficiency of photosynthesis can be raised a little by pumping more of the 
gas into an experimental container. Such is a general explanation, but we 
can produce a more precise model, if a somewhat speculative one, fol- 
lowing the analysis of Bonner (1962). 

Green leaves, the homes of chloroplasts and the sites of pho- 
tosynthesis, are stacked one above another in nature. A moment's 
thought about the inside of a forest shows how dramatically true this is; 
the layers of the canopy are piled above each other so effectively that 
only a dim green light may reach the floor, giving that stained-glass 
window effect noted by Stanley in his rain forest wanderings (Chapter 2). 
The same is true for crop plants, where light may have to penetrate 
between five and ten leaves before what is left of it reaches the soil, and 
the same is true even for microscopic algae floating above each other ina 
fertile pond. Under the bottom leaf or algal cell, the light is often so dim 
that a plant attempting photosynthesis there would not be able to fix 
energy as fast as it used energy for respiration, and so could not survive. 
Now this phenomenon of leaves shading each other means that many of 
them must operate in dim light, being highly efficient and making the 
most of both the light and the carbon dioxide around them, even when 
the upper leaves are inhibited by carbon dioxide shortage. But operating 
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in dim light requires an elaborate array of absorption sites (the chloro- 
phyll molecules) to make sure that quanta of light are absorbed fast 
enough to “feed” the sites of synthesis. Ten quanta of light seem to be 
needed for every mole of carbon dioxide reduced, and the 10 quanta 
must be supplied at once. All plants have been found to have what ap- 
pears to be a surplus of chlorophyll molecules, for there may be hundreds 
or perhaps thousands of them for every synthesis site we can identify in- 
stead of just the 10 that seem to be needed to supply the site with its 10 
quanta per mole of CO, reduced. Bonner suggests that this is because a 
large excess of absorption molecules is needed to maintain the necessary 
continuous supply of 10 synchronous quanta. The shaded leaves and 
chloroplasts thus work marvelously, but those exposed to bright light 
have more chlorophyll molecules than they need. These excess chloro- 
phyll molecules absorb light from the bright supply but there are not 
enough synthesis sites to use it all, and the energy is wasted. Plants 
cannot, of course, afford to have too many molecules that are redundant, 
for the molecules themselves then represent a waste of energy. What nat- 
ural selection must have done for plants is to arrange a compromise 
between the large number of absorption sites needed for dim-light work, 
and the lesser number needed for bright light. But the fundamental fact of 
plant life which has forced this compromise to favor the dim-light 
arrangement is the shortage of the essential raw material, carbon dioxide. 

At high light intensities the efficiency of photosynthesis, as we have 
seen, may be comparatively low, (Figure 10.3). Cultures of the freshwater 
alga Chlorella (in Dutch experiments) which were 20 percent efficient in 
dim light in the laboratory were only about 8 percent efficient in full 
daylight, even when supplied with extra carbon dioxide (Wassink, 1959). 
It is important to remember, however, that the actual productivity of the 
plants in terms of dry matter produced in unit time was greater in full 
sunlight than in the shade; the efficiency of energy conversion might be 
lower but there was so much more energy available that this was more 
than compensated for. There has been some confusion in popular writ- 
ings of late about the suitability of algae for food which bases hopes for 
the future on the high efficiencies of algae in dim-light cultures. In the 
bright lights of the real world these high efficiencies fall. Indeed, parts of 
higher plants can be made to show efficiencies equal to those of Chlorella 
cultures in dim light, although the whole plant exposed to the unimpeded 
sun seems relatively inefficient; just like the algae. 


Measuring the efficiencies and productivity of communities of plants in 
nature presents more difficulties than measuring the rate of photo- 
synthesis of laboratory-sized fragments or collections, but reliable es- 
timates can be made by roundabout means. The first and classic estimate 
of the kind was made in the American Midwest in 1926 by Nelson Tran- 
seau of The Ohio State University (Transeau, 1926). The worry of Tran- 
seau’s day was not only food but fuel also. Fossil fuels on which modern 
civilizations are based obviously would not last forever, and the exhaus- 
tion of the world supply then seemed more imminent than it does now 
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Rate and efficiency of photosynthesis in a sugar-beet leaf as a function of light intensity. 
The rate of photosynthesis could not be raised for light intensities much above 10 ergs per 
second per square centimeter, and the efficiency of the process accordingly progressively 
falls. It is important to note, however, that the yield of energy to the plant was highest at 
high light itensities even though the efficiency was low. Note also that this sugar-beet leaf 
in dim light was quite as efficient as a green alga culture in equally dim light. It is untrue to 
claim that algae are more efficient than other plants. (From Gaastra, 1958.) 


because the total reserves were much underestimated. There was then no 
promise of atomic power to supply the needs of the future, and the only 
resource seemed to be to grow fuel; to use the energy stored by contem- 
porary plants rather than by those long dead. It became important to 
know how efficiently crops fixed solar energy in order to calculate the 
possibilities of producing fuel for power stations and motor cars by agri- 
culture, Transeau chose corn (Zea mays) as his crop plant because corn 
was apparently a highly productive plant, because it was an annual that 
grew progressively through the season making it easy to assess one 
season's growth, and because there was good data on corn plants to be 
culled from the literature. An acre of good corn land in Illinois (a site 
chosen because there was good local data on solar radiation) should con- 
tain about 10,000 corn plants which should grow from seed to maturity in 
100 days, Accepting these generalized figures, and armed with a copy of 
an agricultural handbook, Transeau could proceed as follows: 


Total dry weight of 10,000 corn plants 
‘ bengirahs tS” leaves, and fruits) 6000 kg 

otal ash content of 10,000 corn plants 

(minerals from soil left after burning) 322 kg 
Therefore, total organic content per acre 5678 kg 
Average organic matter contains 44.58 percent ' 

of carbon, therefore carbon per acre equals 2675 kg 
and 2675 kg of carbon is enough for 6678 kg glucose. 
Therefore, the corn plants produced on one acre in 100 days 

represents 6678 kg of glucose fixed in photosynthesis. 
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This figure of 6687 kilogram represents the net primary production of 
the corn field in terms of glucose. It does not represent all the glucose 
fixed by photosynthesis because the plants were respiring all the time, 
burning some of the glucose that they had fixed to provide energy for 
their own metabolic needs. This amount of glucose respired must be as- 
sessed and added to that represented by the standing crop of plants at the 
end of the 100-day period to arrive at all the glucose fixed, or the gross 
primary production of the corn field. From this figure it would be pos- 
sible to calculate all the energy stored by photosynthesis, and to compare 
this to the solar radiation received to arrive at the ecological efficiency. 
Transeau measured the respiration himself by keeping plants in dark 
chambers through which he passed continuous streams of air. He col- 
lected the carbon dioxide at the outlet in an alkali solution and estimated 
the quantity evolved in unit time by titration. Measurements made on typ- 
ical corn plants of various ages gave him an average figure for respiration 
of 1 percent of the mass of each plant per day, which enabled him to 
complete his calculation as follows: 


Since the crop at the end of the season weighed 
6000 kg, the average dry weight for the season was 3000 kg 


Average respiration was 1 percent of this which = 30kg 
Therefore, the total CO, released in 100 days is 

30 times 100 = 3000 kg 
Carbon equivalent of 3000 kg CO, = 818 kg 
Glucose equivalent of 818 kg carbon = 2045 kg 


Gross primary production of glucose equals net 

primary production plus respiration equals 6687 kg 

plus 2045 kg = 8732 kg 
But the energy required to produce 1 kilogram 

of glucose is 3760 Cals (a figure found by 

bomb calorimetry). 
Therefore: Total energy consumed in photosynthesis of 

one acre of corn in 100 days equals 8732 times 


3760 equals approximately 33,000,000 Cals 
Energy received by one acre of Illinois in 
100 days equals = 2,043,000,000 Cals 
Therefore, efficiency of photosynthesis equals 
33 X 10° 


7043 X10 x 100 = 1.6 percent 


This figure of 1.6 percent has since been shown to be in quite the 
normal range for agriculture. There have been many field trial experi- 
ments on a variety of crops following Transeau’s general procedures, but 
with painstakingly accurate measurements on actual crops and of actual 
sunlight received by the crops, and the answers always come to some- 
thing like 2 percent. This compares poorly, of course, with the results of 
short-term experiments with algal cultures or seedlings in bright sunlight, 
let alone with dim-light laboratory cultures, revealing efficiencies of 20 
percent. The limit imposed by the supply of carbon dioxide should allow 
higher efficiencies than 2 percent; indeed, the efficiencies revealed by 
field trials are rather shocking. An ecolosist must ask if such low ef- 


ficiency is typical of natural plant communities as well as of agricultural 
crops and, if so, what is the reason for it. 

For an agricultural crop of an annual plant it is easy to measure the net 
primary production during a season by measuring the standing crop at 
the end of the growing period as Transeau did, and knowledge of the 
average respiration rate of the crop plants then makes it easy to calculate 
the gross primary production. But in complex natural communities of 
plants the measurement of standing crop at no time gives the net produc- 
tion, because the plants are continually being eaten by animals and 
because part of the mass of some of them may have been produced in 
other seasons. A moment's reflection about the standing crop of grass ina 
well-grazed pasture is enough to show the truth of this, for much of the 
production of the pasture is eaten off daily by the cattle leaving only a 
little of the production of the field standing at any one time, and some of 
the grass roots were made the year before. Only where plants of the same 
age grow to maturity in a short time without being much eaten can the 
standing crop method be used in productivity measurements. The growth 
of annual plants in a desert after rain, and the development of some early 
successional communities may sometimes meet these conditions but, for 
most natural communities, the measurement of standing crop does not 
provide interesting information, and other methods must be used to 
assess productivity. 

Estimating the productivity of a forest is a particularly daunting under- 
taking, although various ways have been tried. Howard Odum (1971) has 
tackled the problem by applying the gas exchange method to fairly large 
pieces of natural vegetation. He erects giant plastic tents or sleeves to 
enclose portions of the forest, then passes air through the sleeves while 
monitoring the carbon dioxide content of the inlet and outlet air. The 
carbon dioxide evolved in the respiration of both plants and animals by 
night is added to the net loss of carbon dioxide to the community ina 
similar period of daylight to give the total carbon dioxide absorbed, or the 
rate of gross primary production. Odum has even applied this method to 
the tropical rain forest (Figure 10.4), and others have applied it to various 
small pieces of vegetation. The carbon dioxide content of a stream of air 
can best be measured with an infrared gas analyzer, a spectrographic in- 
strument, and for those who derive pleasure from operating electronics 
under adverse conditions, there is adventure to be found in carrying infra- 
red gas analyzers to remote vegetations, like those of mountaintops, to 
determine productivity. 

The plastic sleeve technique has the disadvantage that plants are in 
very unnatural surroundings, which must commonly make the results sus- 
pect. A perhaps more reliable alternative, if even more time-consuming, 
is that of incremental harvest. All the plants of the forest are sampled at 
frequent intervals to plot the actual rates of growth of their parts; of their 
stems, leaves, roots, and the like. Woodwell and Whittaker (1968) have 
made enough measurements of this kind on a forest at Brookhaven in 
New York State to be able to program the results for a computer and to 
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Figure 10.4 


Odum’s “sleeve” in a Puerto Rican rain forest. A portion of the forest is enclosed in this 
open sleeve. Air flows through it from top to bottom, and the content of carbon dioxide in 
the inlet and outlet streams is continuously monitored. Carbon dioxide lost by day added to 
carbon dioxide gained by night gives a measure of the gross primary production of this por 
tion of the forest. The disadvantage of the method is that the sleeve may produce conditions 
so unnatural that the measure may not be applicable to undisturbed forest. 


relate incremental growth rates to the stem sizes of trees. They have iden- 
tified key measurements which are all that are required to supply their 
program with sufficient information to calculate the productivity of the 
whole forest. This method, of course, measures only the rate of net 
production, since it does not provide a measure of the respiration of the 
plants. A nightime figure of respiration of whole communities like that at 
Brookhaven can sometimes be made when the forest air is trapped under 
a low-lying inversion. In this event all the carbon dioxide respired is kept 
in the vicinity of the forest, so that respiration may be calculated from the 
local increment of carbon dioxide. 

The habit has grown up of expressing the results of field determinations 
as grams of dry matter per square meter per day, instead of as calories OF 


as efficiencies. The rate of production in gms/M?/day is referred to as the 
productivity of the plants, and the productivity of Transeau’s 1.6 percent 
efficient corn in these units works out as about 21gms/M?/day. 

Howard and Eugene Odum (1959) have collected together a number of 
determinations of productivity made by gas exchange and growth- 
increment studies and have summarized them as follows. Moist forests, 
moist grasslands, and communities of the secondary successions produce 
between 3 and 10 gms/M2/day, or commonly less than a field of corn. 
Natural grasslands and mountain forests produce only between 0.5 and 3 
gms/M2/day, and deserts produce less that 0.5 gms/M?/day. It is clear that 
water limits the productivity of communities such as deserts, and that 
corn must be compared with plants growing where corn grows. But there 
is one immediate difference between the calculations for the cornfield 
and for the natural communities, which must be allowed for; the corn 
only grew for 100 days and the field was left bare for the rest of the time. If 
you divide the figure for gross production of corn by more days than 100 
you can bring its apparent productivity down to something comparable to 
the performance of the moist forests and grasslands at up to only 10 
gms/M?/day, suggesting that the efficiencies of these diverse communities 
of plants, agricultural and natural, are comparable. It is apparent that ter- 
restrial plants growing naturally under the sun in apparently favorable 
habitats achieve only low efficiencies of energy conversion, some 2 per- 
cent of the usable energy received during the growing season, in spite of 
the fact that individual leaves or seedlings can do much better in the labo- 
ratory. Why is this? 

An agricultural crop is obviously not as efficient at converting the solar 
energy falling on its field at all times in the growing season, since at the 
beginning most of the field is bare earth and at the close growth has 
nearly stopped. There must be some period of active growth when the 
productivity of the plants is much higher than the average. Work by 
Gaastra (1958) at the Dutch university at Wageningen, where much origi- 
nal work on photosynthesis has been performed, shows how different the 
average productivity can be from the best. The average efficiency of a 
sugar beet crop at Wageningen was about 2.2 percent, but in the middle 
of the season when the plants were ofa fair size, almost covering the field 
and growing at their fastest, the efficiency was between 7 and 9 percent. 
This is equal to the best that can be obtained on a culture scale under full 
sunlight, even with algae or isolated leaves, and the rate of photo- 
synthesis of the fast-growing beets during this important period of their 
lives must have been limited only by the supply of carbon dioxide. The 
apparently low efficiency of a field crop is thus a simple result of the 
energy wasted falling on bare ground at the start of the season, and of 
energy wasted falling on senescent plants toward the close of the season. 
During growth, the plants produce as fast as the environment allows. 

Most plants of natural vegetation are not annuals that start the season 
on bare ground, so the explanation for the low annual efficiency of agri- 
cultural crops might be thought not to apply. In fact, the annual cycle of 
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vegetation in temperate regions is closely analogous to that of a field 
crop, for in spring there are no leaves, and thus effectively there is bare 
ground, and with the approach of autumn the plants become progres- 
sively more dormant. It is likely that there is a period in early summer 
when a temperate woodland or pasture might well produce at something 
close to the rate set by the supply of carbon dioxide. That it does not con- 
tinue to do so indefinitely is due to the changing environment for which 
the plant must prepare. For vegetations with the lowest productivities, 
deserts and arid grasslands, it is evident that productivity is set by short- 
age of water. It would be interesting to know the productivity achieved by 
desert plants during a short spell of rains; during the few days when the 
annual desert flowers spring up. It would not be surprising to find ef- 
ficiencies of 7 or 8 percent, indicating rates of photosynthesis set by the 
available carbon dioxide. 

It is thus possible to explain the low average ecological efficiencies of 
plants by a general hypothesis of environmental limitations; by the short- 
age of water, by the time taken to cover the ground in spring, by the dor- 
mancy that precedes the onset of winter. But this cannot be quite the 
whole story. An established woodland does not really take as long to 
cover the ground as does a field crop and, once the leaves are out, the 
ground cover is more complete so that little light is wasted. Trees even 
have lower “shade” leaves adapted to operate in the dim lights below the 
canopy, leaves that are highly efficient at these intensities. And the leaves 
of the canopy may function after the time of harvest of a crop. In spite of 
these apparent advantages, the average productivity of a deciduous 
woodland is, in fact, not so much higher than that of a field crop. On the 
other hand, rapidly developing natural communities like those of the sec- 
ondary successions in warm sites well supplied with nutrients and water 
may be the most productive of all. These findings can be explained if 
plants are adapted to produce at the maximum possible rate only during 
the time needed for them to occupy space and achieve dominance; the 
period of rapid growth. 

The pattern of efficiencies throughout a plant's life must be the result of 
natural selection, and selection operates by favoring individuals that 
leave the most offspring. To be able to reproduce at all, a terrestrial plant 
must win and hold space, so that selection must favor individuals which 
win space. This can only be done by rapid growth; and a limit to growth 
must be set by the supply of energy, which means by the rate of photo- 
synthesis. It is not surprising, then, to find that plants generally achieve 
photosynthetic efficiencies during their period of vitally active growth at 
about the level which is set by the supply of carbon dioxide or other 
resources. Once space is won and held, as by a dominant tree that has set 
its leaves, the necessity for maximum energy supply may not be so 
crucial. 


Rapidly dividing unicellular algae, which live in a fluid medium, face dif- 
ferent ecological problems to those of rooted terrestrial plants. They do 
not have to occupy space and achieve local dominance, but they do have 


to continually replace themselves. They live, in a sense, lives of perpetual 
youth in which no secure old age of dominance is achieved. As a result, 
they must always grow as fast as possible, for those who are slow will 
leave least offspring and will be selected against. Natural selection en- 
sures that the algal population is made up of individuals that produce as 
fast as the limiting factors of the environment allow, which means that 
their productivity in full sunlight is always set by the carbon dioxide and 
other nutrient concentrations normally experienced. Throughout its short 
life, an individual microscopic algal plant maintains a rate of photo- 
synthesis comparable to that of a terrestrial plant during the period of 
fastest growth. 

There has been much interest in culturing algae to increase human 
food supplies, such that popular writings often talk of algae as providing 
the common food of the future. This interest has, in part, derived from the 
misconception that the high efficiencies, around 20 percent, of dim-light 
cultures could be maintained in field cultures. But it remains true that a 
properly managed algal culture should be able to maintain an efficiency 
of 8 percent for as long as sun and warmth allow, so that high productiv- 
ity can be maintained all through the growing season, instead of just 
through part of it as with field crops. Eight percent is more than the 2 per- 
cent average of a field of sugar beet, giving four times as much food. 
Microscopic algae such as Chlorella can in theory be grown in large 
concrete tanks. The practical side of the matter is not so encouraging. To 
obtain high yields the tanks of algae have to be continually stirred, so that 
all the inmates get their share of nutrients and light, and such stirring 
requires energy, energy that has not been included in the published ef- 
ficiencies. This point may be brought home by noting that men at the 
Wageningen station found that the most effective culturing technique was 
to grow the plants in the revolving chambers of washing machines, (Was- 
sink, 1959) surely an energy-consuming process of some seriousness. 
Then again energy must be used in the frequent harvestings necessary to 
maintain the rapidly reproducing plants, and this energy must be in- 
cluded in realistic energy budgets. As the tanks get larger, it becomes im- 
possible to keep out herbivorous plankters which are very willing to share 
the yield of the cultures with the men who grew them, and who are 
remarkably good at the task of cropping algae. Really large-scale opera- 
tions have never been attempted. There may be a future for algal culture 
in places where conventional agriculture is not possible, say on rock 
slopes, but the general contribution of microscopic algae to human food 
supplies is likely to be marginal. 


The plants of the open sea are microscopic algae similar to those used for 
culture purposes in freshwater, and may be expected to be as efficient. 
Culture experiments, summarized by Ryther (1959), show that marine 
planktonic algae are, indeed, as efficient as their freshwater counterparts. 
There should never be a water shortage in the sea, and the surface of the 
transparent ocean is well-lighted. The plants are insulated against violent 
changes in temperature, from day to night and from season to season. 
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Rivers have carried dissolved minerals to the sea throughout geologic 
time to such extent that the oceans are salty. Surely, then, the oceans 
should be highly productive. 

One standard method of measuring the productivity of the sea evolved 
from the work of two Scandinavians, Gaarder and Gran (1927). They put 
seawater containing planktonic algae into bottles, one of clear glass and 
the other covered with black paint; then they lowered the bottles over the 
side of their ship and left them in the sea for a measured time. The light 
and dark bottles were equivalent to the light and dark tents used on land, 
but Gaarder and Gran estimated the oxygen content of each bottle rather 
than the carbon dioxide content, because dissolved oxygen is easily 
measured by simple titration. The light bottle had gained oxygen, due to 
photosynthesis, and the dark bottle had Jost oxygen, due to respiration. 
The oxygen gained in the light bottle added to the oxygen lost in the dark 
bottle provided an estimate of the gross primary production of the time in- 
terval. It was thus possible to measure the productivity of the wild ‘‘vege- 
tation’”’ of the open ocean with much greater ease than the productivity of 
land vegetation. And then a simpler method still was evolved. A bottle of 
seawater could be supplied with a carbonate solution labeled with C', 
an isotope whose long half-life of more than 5600 years means that it ef- 
fectively endures without loss over the span of normal experiment, and 
this C4 labeled carbonate is then used by the planktonic algae in the 
bottle as the raw material for photosynthesis. The amount of labeled car- 
bonate that the plants have taken up can later be found by filtering out the 
plants and estimating their C4 content with a radiation counter. This 
method was worked out by Steeman-Nielsen (1952), and was used on the 
famous Galathea deep-sea expedition. He sailed equipped with vials of 
measured amounts of labeled carbonates, took flasks of seawater, in- 
serted the contents of a vial with a hypodermic syringe, left the bottles in 
the sun for a period of one or more hours, then filtered out the plants for 
radiation determinations. Steeman-Nielsen’s results were always lower 
than those obtained by the dark-bottle light-bottle method of Gaarder and 
Gran, and this is thought to be because plants respire some labeled C'*Oz 
back to the water. The method gives a figure that is closer to net produc- 
tion than to gross production, although neither exactly one nor the other 
(Strickland, 1960). But the method is so simple and convenient that it has 
become standard all the same, so that oceanographic cruises the world 
over measure the productivity of the oceans in this way. The results give 
approximate figures, and have the great virtue of being comparable. 

The results of many years of measurements by both methods (and some 
others) reveal most clearly that the open oceans are mostly deserts, the 
productivity of which is less than 1 gm/M2/day (Table 10.2). It is impor- 
tant to grasp this fact. Transeau’s corn did more than twenty-one times as 
well as does the average ocean. In spite of the salty sea being flooded 
with light, and in spite of the plants being microscopic algae, the open 
oceans are deserts. This is contrary to popular belief that the oceans are 
marvelously fertile resources waiting to be tapped. Partly this idea origi- 
nated with some early measurements which were grossly in error, and 
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Rates of Primary Production from Various Parts of the World Oceans TABLE 10.2 


English Channel June 0.50 rast 
North Sea Annual Range} 0.1-1.5 HC, 
North Sea near English Coast | May 0.22 Bae 
North Sea near English Coast | October 0.11 ae 
Kattegat (Baltic) October 0.25 L+DB 
Danish coastal waters August 0.70 a 
Danish coastal waters March 0.30 me 
Danish coastal waters December 0.01 SG 
Western Barents Sea (Artic May 1.30 kG 
water) 
Western Barents Sea May 0,275 aNS 
(Atlantic water) 
Mediterranean Midsummer 0.03-0.04 | 4C 
Eastern Atlantic (15 miles September 1.0 AG 
offshore) 
Eastern Atlantic (200 miles | September 0.15 Ne 
offshore) 
Georges Bank (off New April 0.95 L+DB 
England) 
Sargasso Sea May 0.04-0.05 | “C 
Pacific off Ecuador (fishery) | Autumn 0.5-1.0 ae 
Equatorial Pacific Autumn 0.01 GS 
Equatorial Pacific March 0.10-0.25 | “C 
Sea of Japan May 2.0 4G 
Off Southwest Africa December 0.5-4.0 NC 
(inshore) 
Arctic Ocean (ice island) July 0.024 ate 
Transeau’s corn field 9.4 3 
Reef at Eniwetok 10.7 es 


All these determinations were made by 'C or the light and dark bottle 
method. Note that the productivity of the oceans varies from place to 
place as well as from season to season, but that everywhere the pro- 
ductivity is much less than that of fertile sites on land or of shallow water 
communties fixed in currents of nutrient-rich water. Data compiled by 
Strickland (1960) from various sources. 


which may be found summarized in Steeman-Nielsen’s (1952) paper. 
And partly it no doubt derives from the common misconception that 
algae are more productive than other plants. But even when the low pro- 
ductivity of the oceans per unit area was grasped, the idea of great 
resources in the sea has been maintained by reflection on the great size of 
the ocean basins. Seventy percent of the surface of the globe is sea so, 
ven though each bit is poorly productive, the grand total must be large. 
So went the argument, but even this was wrong. Over the last 15 years 
Progressively better and better measurements of productivity of all 
tegions of the globe have steadily reduced the estimates of the contribu- 
tion of the oceans, until the latest put the oceans as contributing only 
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some 30 percent of the whole (Ryther, 1970). This figure seems generally 
in keeping with the discovery that the productivity of most of the ocean is 
low. 

So the oceans are deserts and we must ask ourselves why. A first 
thought must obviously be that much of the light entering the sea is ab- 
sorbed by the water or reflected and scattered back to space so that it is 
unavailable to the plants but, in fact, this is not so. Careful measurements 
from ramps over the sides of oceanographic ships, and with submersed 
instruments, have shown that direct backscattering and reflectance ac- 
count for no more than 5 percent of the incident light, no matter what the 
height of the waves or the state of the ocean (Ryther, 1959). Light is only 
slowly absorbed by clear water so that a dense crop of planktonic plants 
in the surface waters would absorb almost all the incident light except for 
the 5 percent that is backscattered. It is true that in oceanic waters of typi- 
cal low productivity much of the incident light is not absorbed by plants, 
but penetrates to great depths, being steadily absorbed by clear water the 
while, but this is a consequence of there being a low crop of algae in 
those waters and not a cause. 

Carbon dioxide is usually present in solution in seawater in excess of 
plant demand, although local shortages may become limiting. Light, tem- 
perature, and water are apparently not limiting to photosynthesis in the 
oceans either, and the explanation of the low productivity is apparently 
that nutrients are limiting. The total mass of such essential dissolved nu- 
trients as phosphorus in the oceans is immense, but this mass is spread 
through the volumes of the great ocean basins; is held in the millions of 
cubic kilometers of water that are not reached by light. The actual mass of 
solutes in the thin, lighted surface layer is low and is presumably limiting. 
The low solubility of phosphorus makes this vital nutrient particularly 
likely to be in short supply. Direct evidence that this is true comes from 
comparing the phosphate contents of unproductive open water with the 
sites of the few rich fisheries that are known. Phosphates are scarce in the 
open sea but abundant at the sites of rich fisheries. And the rich fisheries 
always turn out to be where there is an upwelling of deep water as some 
submerged current comes to the surface. This deep water is much colder 
than the normal sea surface, with its layer of sun-warmed water floating 
on the top. It is a peculiarity of phosphates that they are more soluble in 
cold water than in warmer water. So the cold waters of the upwelling are 
phosphorus-rich. And, moreover, they are continually replaced by the 
upwelling. The plants of such a place are provided with a continuously 
renewed supply of nutrient-rich water, and they may well produce at a 
rate set by the concentration of carbon dioxide like plants in favored 
places on land. Under the rich life of an upwelling there is a drifting cloud 
of corpses and other debris with, adsorbed to them, the phosphates 
which have made that rich life possible. The seafloor in such places 
becomes enriched with phosphate, providing, in the fullness of geologi- 
cal time, the deposits that we mine for fertilizer. 


Another apparent exception to the general low productivity of the sea 
is suggested by the rich communities of coral reefs, where numerous 
polyps build the huge reef structures and where exotic marine animals 
live in great abundance. Howard and Eugene Odum (1955) went to study 
the reef at Eniwetok as part of the United States Atomic Energy Commis- 
sion work on the effects of bomb tests in the Pacific, and they investigated 
this problem of the productivity of the reefs. The reef they chose, like 
others, had water continually flowing over it, and it had been suggested 
that reef animals lived by catching animals and plants of the plankton 
that drifted over the reef in the water from the outside. If this was so, 
the high productivity of the reef was apparent rather than real, rep- 
resenting energy brought in from outside by the flow of water. But the 
Odums sampled the plankton on both sides of the reef, upstream and 
downstream, and found that there was as much organic matter leaving 
the reef as there was being brought to it. The conspicuous animals of the 
reef must, therefore, rely on the energy fixed by the plants of the reef it- 
self. This was a somewhat surprising conclusion because plants are not 
very evident in the structure of a reef. There were certainly some there, 
living as encrusting calcareous forms or buried as filaments in the surface 
of the reef matrix, but there did not seem to be many of them. The Odums 
set out to see if they were really present in significant numbers. They took 
samples of representative bits of reef, extracted chlorophyll from the bits 
with organic solvents, measured the concentrations of chlorophyll with a 
spectrophotometer, and calculated from this the mass of plant tissue in 
their samples. They found that, in fact, there was more living plant tissue 
in the reef than there was living animal tissue; the standing crop of plants 
was larger than the standing crop of animals. Many of these plants were 
the endosymbiotic algae that lived associated with the corals, the so- 
called zooxanthellae. Although standing crop was not a measure of 
production, it was now clearly reasonable to account for the reef produc- 
tion by the photosynthesis of the reef plants themselves. The next step 
Was to measure the gross primary productivity of the reef plants, and the 
Odums did this by measuring the oxygen content of the inlet and outlet 
waters by day and by night. In daytime, the water crossing the reef gained 
oxygen during its passage by an amount proportional to the net photo- 
synthesis of the reef plants. At night, there was a loss of oxygen during 
the passage over the reef due to the respiration of the plants and animals 
of the reef community. The oxygen gained in the daytime added to the 
oxygen lost during a similar span of night was a measure of the gross 
Primary production of the reef during the interval. This was an ingenious 
adaptation of the light bottle/dark bottle technique, one in which the 
whole community was “in the bottle.” The result of the Odums’ calcula- 
tions showed that the reef plants produced about 24 gms/M?/day, whichis 
the sort of result suggested by laboratory experiments for plants working 
at maximum efficiency and limited only by the concentration of carbon 
dioxide. This productivity may be explained as due to the plants being 
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TABLE 10.3 


Efficiencies of Primary Production 


Transeau’s cornfield 33 1.6 
Gaastra’s sugar-beet field = 22 
Sugar cane 74 1.8 
Water hyacinths 20 to 40 1:5 
Tropical forest plantation 28 0.7 
Microscopic alga culture on pilot scale 72 3.0 
Sewage pond on seven-day turnover 144 2.8 
Tropical rain forest 131 3.5 
Coral reefs 39to151 | 2.4 
Tropical marine meadows 20 to 144 | 2.0 
Gavelston Bay, Texas (fertilized by 80 to 232 | 2.5 
wastes) 

Silver Springs, Florida (vegetated bottom) | 70 2.7 
Subtropical blue water (open sea) 2.9 0.09 
Hot deserts 0.4 0,05 | 
Arctic tundra 1.8 0,08 


Transeau’s and Gaastra’s data as discussed in text. Remainder rearranged 
from Odum (1971). 


supplied with a continual stream of nutrients by the water flowing over 
the reef, and is another vindication of our belief that the sea would be 
highly productive if it was not for the shortage of nutrients. 

The trick to being highly productive in the sea seems to be to anchor 
yourself against a moving current of water that will bring you an unlim- 
ited supply of nutrients. Large benthic algae which live fixed to the 
bottom in regions of moving water meet this requirement, and might well 
be expected to produce as well as well-watered pastures on land. The 
longest vegetables on earth are, in fact, seaweeds that live anchored in 
cold currents, the giant Nereocystis and Macrocystis of California. Their 
flat fronds present large waving surfaces to the flow of water, so they are 
likely to be able to acquire all the nutrients necessary for photosynthesis. 
The low temperature of the water in which they live might be expected to 
depress their performance somewhat, but their condition of life should 
allow their productivity to be high all the same. It is reassuring to note that 
some first studies on California kelp beds (McFarland and Prescott, 
1959) do suggest that their productivity is comparable to that of the 
Eniwetok reef. 

Ifa way can be found to make satisfactory food out of kelp and sim 
large marine algae, it might be possible to find ways of anchoring attach- 
ments for some in places in the sea and so farm the oceans on a small 
scale. Otherwise the prospects for sea farming are not bright. The lighted 
layers of surface water are so deficient in nutrients that their productivity 
is comparable to that of terrestrial deserts. This is a hard fact that those 
who would extensively farm the sea must face. You cannot put enough 
fertilizer into the huge oceans to raise significantly their concentration © 


ilar 


165 
THE TRANSFORMATION OF 
ENERGY BY PLANTS 


TABLE 10.4 
Annual Primary Production of Principal Regions of the Earth 
Net primary productivity, | World net 
per unit area dry g/m?/yr | primary 
dry g/m2/yr production 
[mal ange [ean 10" dry tons 
Lake and stream 2 100-1,500 
Swamp and marsh 2 800-4,000 
Tropical forest 20 {1,000-5,000 
Temperate forest 18 600-2,500 
Boreal forest 12 400-2,000 
Woodland and shrubland Zi 200-1,200 
Savanna 15 200-2,000 
Temperate grassland 9 150-1,500 
Tundra and alpine 8 10- 400 
Desert scrub 18 10- 250 
Extreme desert, rock and ice 24 o- 10 
Agricultural land 100-4,000 
Total land 


Total for earth 


Table after Whittaker and Likens, from Whittaker (1971). 


essential solutes. Arranging to stir portions of oceans to bring up solutes 
from below is likely to require more energy than would be recovered in 
the additional production won. 

The low productivity of the sea means that the energy supply per unit 
area in forms usable by animals is generally much lower than on land, a 
fact of importance when discussing the distribution and abundance of 
marine animals. 


The absolute food limit for all animals, man among them, is set by the THE Heels 
average efficiency of plants at the surface of the earth, on land and in the OF THE EA\ 
Oceans, on fertile floodplains and on mountainsides or polar ice caps 

(Table 10.3). This average efficiency is hard to calculate, but it is certainly 

much lower than the 1.6 percent of Transeau’s cornfield. Probably it is 

something like 0.25 or 0.5 percent. And the reason that the average pro- 

ductivity is so low is that photosynthesis is limited in most places not by 

carbon dioxide but by such things as water, nutrients, temperature, and 

the seasonality of climate. Sometimes farmers can make good some of 

these deficiencies, as by irrigation or the use of artificial fertilizer, but 

others like air temperatures and seasonal climates are beyond a farmer's 

control. They cannot warm the great ice caps (it might not be a very 

pleasant experiment if they could try), nor fertilize the even greater 
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oceans, They cannot even water all the deserts, at least, without an ex- 
penditure in energy for distilling and transporting seawater which would 
be greater than the energy won in the food crop from the wetted sand. 
Much of a farmer’s efforts to grow more food is still to make his crops as 
efficient as the vegetation they have displaced. And usually he is still far 
from succeeding, as the figures for mean productivity in Table 10.4 show, 
Crops can be made to be as efficient as the vegetation they replace, but 
only with heavy energy expenditures in the making of fertilizers and the 
driving of tractors. 

Yet man has done nothing to increase the actual efficiency of plants 
themselves. The high yielding cereals and things that are often in the 
news, are not one jot more efficient than the wilder types they replace. All 
that the plant breeders have done is to make plants which put larger 
shares of their energy budgets into structures that we like to eat. A high- 
yielding corn plant produces more grain at the expense of leaves, stem, 
roots and, as we are beginning to find to our cost, at the expense of 
defense mechanisms that might protect the plant against diseases and 
pests. But we have not increased the energy-transforming powers of the 
corn plant at all. And, except perhaps with the watering of hot deserts, 
we can do very little to increase the real productivity of the earth as a 
whole. Indeed, agriculture has so far lowered the earth’s productivity, 
not raised it. 


The energy source of an animal community is in the form of high-energy 
food molecules and the ecological efficiency of animals reflects the 
proportion of this fuel supply that they can subvert for their own use. It 
is tempting to think that all animals live under conditions of restricted 
fuel supply so that the numbers and activities of animals must be set by 
the efficiency with which they can capture and digest food as fuel for 
their own activities. Then the conceptual device of the trophic level 
seems to offer a chance for describing, and even predicting, the size of 
animal communities on energetic grounds, for the size of the herbivore 
trophic level in a community, for instance, must reflect a percentage of 
the 2 percent of the solar energy that is transformed by the vegetation of 
the habitat. But practical and conceptual difficulties interfere with this 
approach. Real communities are not neatly separated into discrete 
trophic levels as the concept suggests, and measuring the efficiency with 
which animals capture and digest their food proves very difficult. After 
many years of work there is now a widespread opinion that efficiencies 
may vary widely from one kind of animal to another, even at the same 
trophic level, but that an average efficiency in the wild of about 10 per- 
cent is normal. This enhances our understanding of why animals at the 
ends of long food chains are rare, but is much too vague an estimate to 
serve as a basis for a predictive theory. Moreover, it is apparent that in 
many communities much of plant production is not eaten by animals at 
all, but goes in leaf litter to decomposers. There as yet seems no basis for 
attempting to predict the proportion of plant production that suffers this 
fate. The efficiency of animals as devices for attaining certain ends may 
also be investigated; for instance, their efficiency at producing young, 
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or their efficiency at attaining rapid growth, but measuring these ef- 
ficiencies has not led to much enlightenment. Animal species have been 
preserved by natural selection to survive hazard and leave viable off- 
spring, and we may expect them to be efficient at whatever specific 
tactic they have evolved for this end. A numerical estimate of their ef- 
ficiency does not aid our understanding of this. 


The rate at which energy can be transformed by plants turned out to be 
set by the carbon dioxide concentration of the atmosphere, by the 
amount of space that could be flooded by light, and by various limiting 
factors of the environment such as the water of deserts or the nutrients of 
the sea. In dense natural vegetation nearly all the energy of sunlight avail- 
able was actually absorbed, but the actual distribution and abundance of 
plants was thus set by the factors that determined how much of this total 
energy could be used. But animals may be thought to be in a different 
position. Their energy supply is already in the usable converted form of 
high-energy compounds. For them the energy supply is restricted to that 
portion of the available food that they can manage to eat. The efficiency 
of a whole animal trophic level must be a function of the food-getting and 
digesting powers of that trophic level, which is to say of its energy- 
absorbing powers. Vegetation may absorb mostof the energy avai lable toit, 
and have an efficiency determined by its converting powers. An animal 
trophic level can only absorb part of the available energy, but this energy 
is already converted to a usable form and is thus nearly all pure gain. 

The energy available to the primary consumers (or herbivore trophic 
level) is a function of that portion of the vegetation which the animals can 
absorb, to whit digest. This is less than what they actually manage to eat 
because a substantial part of what they eat cannot be digested and must 
be defecated back to the environment. But a moment's thought about any 
part of the real world suggests that animals do not, in fact, eat all the vege- 
tation, because much of this ends up as fallen leaves and rotting wood, 
food for decomposers not for herbivores. And then we remember that 
much of the energy converted by the vegetation was, in fact, used by the 
vegetation itself as respiration. The actual energy flow into herbivores is 
thus likely to be some small fraction of the total energy converted by 
plants. 

Carnivores face similar but even more rigorous restrictions on 
energy supplies, because their energy depends on how many of the her- 
bivores they can manage to catch, eat, and digest. For secondary Cat- 
nivores the restrictions must be more rigorous still, and so on through suc- 
cessive trophic levels. Is the energy supply of animals so critical that they 
have been adapted by evolution to make the most efficient possible use of 


their 


a —— eee 


it? If this were so, it might be that there is a characteristic number of links 
in food chains and that the standing crops of animals at adjacent trophic 
levels have characteristic ratios. Since energy is so important to animals, 
and is in such restricted supply, it is at least possible that the numbers and 
ways of life of all animals are principally set by the efficiency with which 
they handle energy, and that thermodynamic theory should enable us to 
predict the numbers, sizes, and trophic levels present in any community. 

Before attempting to answer these rather exciting questions it is impor- 
tant to see that there are two general, and quite different, ways of looking 
at the efficiencies of animals. You may consider the efficiency of individ- 
ual animals or kinds of animals, or you may consider the efficiency of 
whole trophic levels. The trophic level analysis is the one which might be 
expected to yield simplifying assumptions. Are there characteristic ef- 
ficiencies for animals of whole trophic levels, so that a simple thermody- 
namic model might predict the numbers and activities of animals trophic 
level by trophic level? There is a glimpse here of the Eltonian pyramid on 
a computer, reconstructed from little more information than data on 
primary production and the efficiency of energy transfer level by level; a 
seductive thought. 

But consider the practical and conceptual difficulties. We were able to 
measure the productivity of plants, and hence their efficiency, from yield 
of dry matter and respiration according to the following equation: 


Productivity = (yield of dry matter in calories) 
+ (calories respired) 


and to measure the productivity of an animal trophic level we must make 
similar measurements. We then find that animals are not so neatly sepa- 
rated into their “correct” trophic level as are plants, and also that many of 
them come and go, making fleeting appearances in their communities 
before going into some resting stage again. It is obviously a tough propo- 
sition to go out and measure the yield of bodies and the combined respi- 
ration of all the animals of an entity so ill-defined as a trophic level. We 
must in part be reduced to making measurements on individuals and then 
extrapolating to figures for an entire trophic level. At the start of our anal- 
ysis, therefore, the two ways of looking at efficiency, at that of the individ- 
ual and that of the entire community of a trophic level, get tied up with 
each other. 

Then there is another conceptual difficulty. The energy assimilated by 
Plants resulted in production of solid matter from gases, but animals are 
engaged in the reverse process, in the dissipation of energy and the break- 
down of complex molecules. Saying that a plant is 8 percent efficient 
implies that 8 percent of the incoming energy is assimilated, most of 
which is fixed as visible production. But a herbivore which is 8 percent 
efficient must be one which absorbs from its gut 8 percent of all the 
energy potentially available to it as plant food. This energy absorbed is 
then used by the animal as fuel for its life processes. We seem to be 
talking of the productivity of plants in terms of something solid they have 
made, whereas the productivity of an animal is measured by its fuel 
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supply. It is more natural to talk of an animal producing growth or young 
than it is to talk of its producing the energy which it absorbs. Neverthe- 
less, natural productions of bodies and babies are all dependent on the 
energy-rich molecules that the animal absorbs, and a herbivore’s ef- 
ficiency as an energy converter is the efficiency with which it can absorb 
energy from the plants on which it feeds. The fuel input controls all its 
activities of building its body and constructing its young; all its construc- 
tions; and thus is the true measure of the productivity of the animal. But 
the awkwardness of describing productivity in terms of fuel supply 
remains, and is well illustrated by a remark of Howard Odum, who 
wrote, “This is no-more pertinent than considering the rate of fuel con- 
sumption of a bonfire as the production of the bonfire’ (Odum, 1956). 
Odum’s sentence is fine and pithy but, alas, in the thermodynamic sense 
the bonfire isa device to dissipate energy, its production is the heat dis- 
sipated, and the fuel supply is a measure of its production. If only 
Hutchinson, who first called animal assimilation “production,” had not 
chosen to twist English in the cause of thermodynamic logic, the difficulty 
would never have arisen (Hutchinson, 1942). It remains that the one 
energy flux of an animal community directly comparable to the gross pro- 
ductivity of plants is the energy assimilated; the food eaten less the food 
defecated; and that this is the only energy flux that can be used to com- 
pute a meaningful efficiency for a whole trophic level. 
We may define the efficiency of herbivores as 


Rate of assimilation by herbivores x 100 
Gross productivity of plants 


and the efficiency of primary carnivores as 


Rate of assimilation of primary carnivores x 100 
Rate of assimilation of herbivores 


and so on for each successive trophic level (Table 11.1). Efficiencies 
calculated in this way are known as Lindeman efficiencies because he 
was the first to attempt the calculation of such efficiencies for real com- 
munities (Lindeman, 1942). 

The practical problems of determining efficiencies of natural commu- 
nities are formidable because it is necessary to monitor the food intake of 
varieties of animals. Sometimes it is possible to bring representative 
animals into the laboratory, to simulate natural conditions, and to es- 
timate food intake, but this can require much ingenuity. Results from a 
famous example of success at this were used by Lindeman for his calcula- 
tions; the measurement by the Russian fisheries scientist, Victor Ivlev, of 
the assimilation rate in a mud-living worm Tubifex tubifex (Ivlev, 1939). 
These worms feed by ingesting mud, by passing the mixture of silt and 
organic matter of lake bottoms through their alimentary canals and 
digesting what parts of it they can. Ivlev mixed some mud from the place 
where he found his worms with grains of platinum black so that the plat- 
inum black was evenly distributed throughout the mud. Then he put mu 
and worms in glass jars, the bottoms of which were made of gauze, and 
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TABLE 11.1 

Common Ways of Calculating the Efficiency of Energy Transfer 

EE 
Where | = energy intake and t= trophic level 


Ecological (Lindeman) efficiency = aa x 100 
t-1 


Ecological efficiency of plants _ Rate of assimilation (photosynthesis) by plants x 100 
(Lindeman and Transeau efficiencies) Solar flux 


: fi at : _ Rate of assimilation by herbivores 
Lindeman efficiency of herbivores Gross productivity of plants x 100 


. 7 i F Rate of assimilation of primary carnivores 
° = —— = x 
Lindeman efficiency of primary carnivores Rate of assimilation of herbivores 100 


ee SSS 
GC ix calorific value of organism 
rowth efficiency calories expended in its development 


Population efficiency _ calorific value of population surplus 
(of interest to predators) Calories expended to maintain population surplus 


True ecological efficiencies (Lindeman efficiencies) are the ratio of energy flows in adjacent 
trophic levels. Except for plants and sunlight, these are almost impossible to measure for real 
communities, though a figure of 10 percent for animal trophic levels is commonly, though cau- 
tiously, used. Growth and population efficiencies can be measured with fair accuracy for ani- 
mals in laboratory microcosms. 


which were suspended in water. The worms positioned themselves so 
that their tails were at the bottom of the mud, projecting through the 
gauze into the water. All their fecal pellets fell down and could be 
collected in a watch glass underneath (Figure 11.1). Ivlev then only had to 
estimate the amount of platinum black in the droppings and in the original 
mud to be able to calculate the volume of sediment which had been in- 
gested during the time that the worms were in the jars. By burning typical 
samples of the mud in a calorimeter he was able to estimate the energy 
present in unit volume of mud, and thus the rate of energy assimilation. 
He was also able to weigh representative worms before and after the feed- 
ing, to calculate the amount which they had grown, and to convert this 
amount to a number of calories. He now had both the number of calories 
ingested and the smaller number of calories represented by growth; the 
difference between these figures must represent the number of calories 
used in the animals’ metabolism, and hence the respiration and excre- 
tion of the animals. Ivlev thus had rate of assimilation, rate of growth, and 


a combined rate of respiration and excretion for common bottom-living 


worms, Needless to say, for work which has stood the test of time, Ivlev 
ed proper control exper- 


ran many duplicates of his experiment and provid 
iments so that others could trust his conclusions. j 

Another example of a practical measurement is the estimation of the fil- 
tering rate of marine copepods by Gauld (1951). Copepods (Figure 11.2) 
are immensely important in aquatic systems, both fresh and salt, where 
they can be found in great numbers. There are many kinds, but there can 
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Figure 11.1 


Tubificid feeding experiment of Ivlev. The inverted jar contains organic mud 
through which grains of platinum black have been evenly distributed. Tubifex 
worms placed in the jar orient themselves so that their tails project through the 
gauze that closes the bottom of the jar. Their fecal pellets can then all be 
collected in the watch glass below, and the amount of mud they had ingested can 
be computed from the concentration of grains of platinum black. By measuring 
the calorific value of the mud it was thus possible to determine the calories 
ingested by the worms in unit time. (After Ivlev, 1939.) 


be little doubt that many at least feed on plants of the phytoplankton, for 
green pulp can be found in their alimentary tracts. But how do they feed? 
You cannot watch a copepod grabbing food for it is much too small, and 
its presumed food is microscopic. It has structures that look like filtering 
devices so that the animal can be readily imagined to swim through the 
invisible cloud of tiny plants, sweeping them from the water in a random 
way as it goes. Alternatively, it could be seeking out larger plants and 
food particles, then catching them in its sweeping devices; or it could be 
doing a mixture of both. How can you even be sure exactly how such a 
herbivore is feeding, let alone about how much food it takes? There is, in 
fact, a history of much work and much dispute about the feeding of such 
animals, but Gauld’s experiments seem finally to have resolved the 
problem and to have calculated the food intake as well. He made up cul 
tures of the tiny planktonic plant Chlamydomonas, which he found 
would swim at random throughout a bottle of water, thus making a nice 
even target for a filtering predator, and he counted the numbers 0 
Chlamydomonas cells in subsamples so that he knew the concentration 
of cells in his experimental bottles. Then he put in a few chosen 
copepods, left them for 24 hours, and then again counted the 
Chlamydomonas cells to arrive at the new concentration. Control bottles 
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Copepod of the genus Calanus. This is a dorsal view. The large first antennae are 
used for swimming. The appendages projecting from the sides below the antennae 
create vortices which sweep water containing planktonic plants into filters on the 
ventral surface, 


with Chlamydomonas but without copepods served as checks to see that 
the concentration of the plant cells did not change for some reason other 
than copepod grazing, which they did not. If the copepods fed by random 
filtering of seawater, then the concentration of Chlamydomonas cells 
should fall off exponentially throughout the duration of the experiment 
according to the equation: 


C,= Ce (1) 


where C, is the concentration of Chlamydomonas at the end of the experi- 
ment 
C, is the concentration of Chlamydomonas at the beginning 
k is constant denoting the ability of the animals to filter. 


Gauld found that the decline in numbers of Chlamydomonas did show 
such an exponential decrease, letting him conclude that copepods were 
indeed random filter-feeders, But there was yet more to be gleaned from 
his experiments, for the filtering rate of each animal, giving the actual 
food eaten, could be calculated also. If v is the volume of water per 
animal, then vk is the volume of water swept free by one animal in unit 
time, so that the filtering rate F is given by 


Figure 11.2 
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F=vk (2) 
This expression can be evaluated from equation 1 as 
— logio Co = logo Ce 
E t logy € (3) 


And, since everything but F was measured in his experiments, the filtering 
rate could be calculated. Gauld’s results are given in Table 11.2, which 
show that filtering rates, fairly enough, depend on the size of the animals, 
The way should then be clear to measure the amount of copepod-fil- 
terable food in unit volume of natural seawater and work out the food in- 
take of wild copepods. Unfortunately, Gauld had to conclude that he did 
not have reliable enough data on copepod food in seawater to do this. 
Nor did he have any way of measuring copepod defecation, which would 
be necessary to compute the energy actually flowing into copepods. 

We have very few elegant measurements like those of Ivlev or Gauld, 
and the truth is that we have little idea of how the majority of animals 
feed except in a very general way, that we do not know precisely what 
they eat, and that we have very little idea, indeed, about how much they 
eat. What we sometimes do have is a measure of standing crop, but this is 
a measure of limited usefulness. The standing crop of planktonic car- 
nivores in the sea, for instance, is often much larger than the standing 
crop of planktonic plants which must be their main support (Figure 11.3). 
This may usually be explained as a result of the rapid turnover of the tiny 
plants, that they are short-lived and their corpses swiftly decomposed; but 
it may also be locally due to the zooplankters sampled having just eaten 
down a patch of phytoplankton in a patchy ocean (for oceans are 


TABLE 11.2 
Gauld’s Results for the Filtering Abilities of Copepods 


Pseudocalanus minutus 10 4.28 

Temora longicornis 10 8.38 

Centropages hamatus 10 12.99 

Calanus finmarchicus 100 24 1235) 64.36 
stage V 

C. finmarchicus 100 18 17 71.03 
stage V 

C. finmarchicus 100 18 17 36.65 
stage IV 

C. finmarchicus 100 18 17 22.24 
stage III zi| 


The column “Mean volume swept clear per copepod” were calculated from equation 3. From 
Gauld, 1951. 
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Long Island Sound English Channel Figure 11.3 


Inverted biomass pyramids in the sea revealed by standing 
crop measurements. Values are in grams per square meter. 
A small standing crop of phytoplankton supports a larger 
standing crop of planktonic animals and bottom animals 
that presumably all derive their livelihoods from the small 
mass of plants. The plants turnover more quickly, so that 
there is more energy flowing through the phytoplankton 
trophic level than through the animal trophic levels that 
feed on them. This illustrates the low value of standing crop 
measurements for studies of energetics. (After Odum, 1959, 
from data of Riley, 1956, and Harvey, 1950.) 


patchy). But, on either explanation, clearly the standing crop can be a 
misleading index of the energy flux in a community. 

So we come to the realization that, glittering although the promise of a 
thermodynamic model of an energy pyramid might be, the obstacles are 
truly formidable. The pyramid itself involves the conceptual device of the 
trophic level when we know that trophic levels can seldom be distinct in 
real systems. Then we find that the measurements on real populations 
which we can make, those of standing crops, may be of little use to the 
task of estimating rates of energy flow. And even if we descend to making 
measurements on isolated animals, we yet encounter great technical dif- 
ficulty. But the possibilities in such work are so alluring that attempts at 
measuring efficiencies of whole trophic levels have been made all the 
same. 


The first, and classic, attempt was that of Lindeman (1942). He set out to 
calculate the ecological (Lindeman) efficiencies for all the trophic levels 
of a lake system that he had studied, and for comparable lakes from data 
in other people’s papers. He had studied Cedar Bog Lake in Minnesota for 
5 years, monitoring with painstaking care the fortunes of various commu- 
nities throughout the seasons and year by year (Lindeman, 1941). He 
used nets and grabs to make standard samples, and then sorted each indi- 
vidual of his myriad catches to its proper link in a food chain or, at least, 
as closely as he could judge. At the end he had standing crop data, 
trophic level by trophic level, of an accuracy that has probably not been 
excelled. The problem was now to calculate the energy input for each 
trophic level over a typical year, and to do this from the standing crop 
Measurements alone. Lindeman assumed approximate turnover rates on 
the basis of empirical studies of others; for instance, he assumed that the 
phytoplankton turned over every week in summer, that zooplankters 
turned over every two weeks, and that rooted pond weeds turned over 
only once a year. Multiplying standing crop measurements by turnover 
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times gave him figures that he called “‘productivities’” but which were not 
the same as the total assimilations of the communities. The animals had 
done work in getting their food, work that had degraded energy and lost 
carbon to the population by respiration. The calories represented in the 
food-getting operation, one of the principal activities of the animals, were 
not accounted for when you multiplied standing crop by turnover time. 
Lindeman sought to correct this by adding figures for general respiration; 
figures that were based on laboratory studies like those of Ivlev; but in this 
he erred. These figures were for total respiration, and included the energy 
dissipated in the activity of turning over as well as that used for finding 
food. Lindeman’s energy input was, therefore, too high by some large but 
unknown factor; and he then compounded the error by adding estimates 
for animals taken by predators and animals that died other deaths and 
went to the decomposers. The energy represented by these bodies had 
already been allowed for in the turnover calculation and were now ap- 
pearing in the equation twice. 
Lindeman had wanted to solve the following equation: 


Productivity = (yield of dry matter in calories) + (calories respired) 
but what he had actually done was to say: 


Productivity = (standing crop in calories x turnover time) 
+ (calories respired) + (calories lost in corpses) 


which had both corpses and respiration appearing twice, once disguised 
as “turnover” and once in their proper places. 

Lindeman’s mistake was not noticed by the many students who read 
his classic paper over a span of 20 years, and was finally pointed out by 
Lawrence Slobodkin, who in many ways has been his successor in theo- 
retical studies of energy transformations. Like Lindeman, Slobodkin 
developed some of his ideas at Yale where he was once a graduate 
student of Hutchinson’s. In a review published in 1962 (Slobodkin, 
1962), he noted that, if you could not measure the food input to all the 
animals of a community directly, you could arrive at it from the average 
respiration and yield of dead bodies, whether these dead bodies were 
eaten by predators or whether they were decomposed. There can be only 
two fates for a calorific molecule assimilated; either it is burned, in which 
event its passing is recorded by carbon dioxide respired, or it appears asa 
part of a dead body that is eaten by an animal of another trophic level. 
Yield of dead bodies had appeared twice in Lindeman’s computation; 
once buried in the standing-crop turnover computation, and once as 
bodies eaten; and respiration had appeared one and a bit times; as total 
respiration and as part of the turnover figure. Without reliable estimates 
for the energy used for food-getting it is impossible to use standing-croP 
measurements to compute the energy assimilated by a population. In this 
event, Lindeman’s calculations had no validity, and Slobodkin was 
forced to admit for our discipline that we have made virtually no progress 
in answering the pregnant questions about energy transfers between 
trophic levels which Lindeman asked more than 20 years before. 


Lindeman’s Calculated Efficiencies for the Animal TABLE 11.3 
Trophic Levels of Two American Lakes 


Lindeman had calculated these efficiencies 
from standing crop measurements, and esti- 
Mates of turnover times and respiration rates. 
This resulted in his computing an energy flux 
in each trophic level which was too large by 
some unknown amount (see text). The calcu- 
lated efficiencies are thus known to be in error, 
but the spread in his results are such as to sug- 
gest that the empirical error in measurements 
may be at least as great. The general suggestion 
conveyed by his work, that ecological ef- 
ficiencies between trophic levels of about 10 
percent are possible, is still accepted by ecol- 
ogists. (From Lindeman, 1942.) 


Lindeman’s results (Table 11.3), although known to be in error, yet 
| have a look of reasonableness about them. The range is wide, from 5 to 
22 percent in the same trophic level of different lakes, but this rather 

Suggests that inaccuracies in measurement (unavoidable in so pioneering 
a project) were, at least, as great as the errors introduced by the method of 
computation. It looks as if typical ecological efficiencies of an animal 
trophic level might be something like 10 percent, and ecologists have had 
this figure in the back of their minds ever since. This impression that 
whole animal trophic levels were 10 percent efficient has been reinforced 
by recent attempts to measure ecological efficiencies in simple laboratory 
systems. 

Slobodkin (1962) and his students have taken advantage of the fact that 
ina laboratory microcosm it is possible to feed measured amounts of food 
of known caloric content, to measure the yield of dead bodies, and to 
Monitor the size of the population. Respiration can be measured for typi- 

Cal animals under the temperature regimen of the laboratory container, 
and you have all that is needed to calculate ecological efficiencies. Then 
the ecological (Lindeman) efficiency equals 
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(Yield of dead bodies and excretions as calories per unit area 
per unit time) X (calories respired per unit area per unit time) 
Energy supplied as food per unit area per unit time 


The animals that Slobodkin chose to use were water fleas (Daphnia: 
Cladocera) and Hydra, both animals that could be maintained in small 
aquaria and that would thrive on a diet of green flagellates. He developed 
micro-bomb calorimeters to measure accurately the calorific values of his 
small animals and their food, and he monitored many replicate systems. 
The food supply could be manipulated until a roughly constant yield of 
growth and fresh bodies was attained, when it was possible to measure 
the yield and respiration per unit time needed for a proper computation of 
ecological (Lindeman) efficiency. Much labor was required (Richman, 
1958; Armstrong, 1960), but eventually reliable results were obtained. 
Maximum efficiencies (Slobodkin, 1962) were as follows: 


Ecological (Lindeman) efficiency of Hydra population = 7 percent 
Ecological (Lindeman) efficiency of Daphnia population = 13 percent 


These results are close to the values found by Lindeman (Table 11.3), 
perhaps encouraging the view that his errors were not so serious in prac- 
tice and that ecological efficiencies might generally be around 10 per- 
cent. It is a giant stride from measurements on single-species populations 
of small animals in aquaria to estimates of the efficiencies of whole 
trophic levels of many species in nature. But it is possible to argue, as 
Slobodkin has done, that all animals of comparable habit might well turn 
out to be roughly as efficient as each other. We can call on the experi- 
ence of physiologists who found that all animals metabolize in about the 
same way, and at about the same rate, dependent only on the tempera- 
ture, so perhaps all animals are about equally efficient. But there must 
also seem room for very wide variations in efficiency of different ways of 
life, even though of the same trophic level. A parasitic larva of a wasp, for 
instance, sitting comfortably inside the caterpillar of its butterfly host, is 
likely to be much more efficient at acquiring food energy than a cheetah 
running down gazelles. There has been hot debate among ecologists at 
their professional meetings over whether Slobodkin’s suggested average 
ecological efficiency of 10 percent is valid, many of the protagonists 1n- 
dignantly pointing out such obvious anomalies as the parasites and the 
cheetahs. Most probably think efficiencies may range widely, perhaps 
from 5 to 30 percent. Probably in the great mixture, fluidity, and poor def- 
inition of populations making up the nearest thing to a real trophic level 
that nature is likely to provide, the anomalies cancel out and an average 
ecological efficiency of about 10 percent may well be common. It, at 
least, gives us a rule of thumb to demonstrate the successive drastic 
reductions in energy as you go up a food chain. Vegetation is only 2 per- 
cent efficient. The herbivores (such as beef cattle) can never do much 
better than 10 percent of that 2 percent. A primary carnivore can only 
have 10 percent of that 10 percent of 2 percent. And so on. The enforced 
rarity of feeding at the end of long food chains is very obvious. 


But a rule of thumb is not good enough for a computer model, nor for a 
grand insight into the workings of nature. When Lindeman started his 
work, and when others followed in his footsteps, there was always the 
lure of producing a thermodynamic or mathematical model that should 
describe the distribution and abundance of all kinds of animals in nature 
and, latterly, perhaps to recreate the process of evolution on a computer. 
But this hope has faded. Not only has it been impossible to measure the 
ecological efficiencies of whole trophic levels but there has also come the 
increasing realization that energy may be partitioned in different ways by 
different animals. And over and above this is the fact that plants have 
evolved many clever ways of not being eaten by animals, by making 
themselves taste nasty or by being inedible wood. Much of the energy of 
terrestrial vegetation goes to decomposers, not into animal food chains at 
all. About all that can be said in general terms about the fate of the energy 
fixed by plants is that it virtually all is used by animals or decomposers in 
the end, with just a tiny trickle being stored as coal, oil, or peat. But the 
pathways followed by the energy depends on the kinds of living things 
available, and these depend, in turn, on the environment and its history. 


The efficiency with which different kinds of animals handle their energy 
supplies can be looked at in a number of ways, depending on the results 
of the transfer, This can be understood by referring to the analogy of the 
bonfire used by Odum in his critique. The bonfire might be efficient at 
consuming fuel, and thus, as | have suggested, productive in the thermo- 
dynamic sense that Hutchinson used the word, but it also produces light 
and heat. The bonfire may thus be looked at from the point of view of 
someone using it to warm himself, in which sense the efficiency is a 
measure of the radiant heat output, or it may be looked at from the point 
of view of someone using it to light a cave, in which sense the efficiency 
is a measure of light output. The two efficiencies are quite different, 
although each must be related in some complex way to the basic fuel 
energy of the system, and each depends on a point of view. Slobodkin 
(1962) suggests that you can look at biological efficiency from different 
points of view also. From the viewpoint of an individual organism, the 
growth efficiency, which is the ratio of calories in the organism to the cal- 
ories expended in its development (Table 11.1), might seem most impor- 
tant; but a predator might look on the population of the same animals as a 
source of bodies to eat, and must see its efficiency in terms of the rate at 
which it produces these bodies. Such efficiencies must be ultimately 
dependent on the common energy input to the population, which is 
Measured by the Lindeman efficiency, but can be useful for special pur- 
Poses, such as investigations of predation in experimental populations. 

Experimental populations that have been allowed to come to a steady 
state, with a constant input of food energy and a constant output of 
Corpses, can be manipulated. With Slobodkin’s water flea and hydra pop- 
ulations, it was possible to play at being predators, to see what happened 
when you removed animals of different ages, and to calculate appropriate 
efficiencies from the results, The population efficiency, the steady-state 
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ratio of yield (in the sense of corpses removed) to the calories needed to 
maintain the population (Table 11.1), was highest when they took old 
animals. This immediately suggested that taking old animals might be the 
prudent thing to do for a predator, because then it would get more food 
on a sustained yield basis. Indeed, it is the general experience of game 
managers that large mammalian predators do usually take the old and the 
weak. Was there a hint here of a more-pervading influence of thermody- 
namics on the lives of animals? Has selection somehow produced species 
so that there can generally be wise management of resources, even down 
to such subtleties as eating old worn-out prey while foregoing the 
succulent young? In this example, at least, most ecologists do not think 
so. It seems much more likely that predators take the old and weak simply 
because they are easier to catch; nothing more subtle than this. 

It is true to say that animals may profitably be viewed as devices for get- 
ting food energy. Those that exist today have been preserved and refined 
by natural selection; they have been chosen because they were better at 
getting food energy than other kinds that have become extinct. It must 
follow that they should use the food energy they do get efficiently. So far 
we are on safe ground, but then we come back to the question, “efficient 
at what?”” The answer must always be, “efficient at surviving hazard and 
leaving babies to succeed you.” It is of no value to predators to develop 
habits that preserve maximum energy for the future if they are chosen for 
their ability to get maximum energy now, to produce the most strong 
babies for the next succeeding generation. Being efficient at surviving 
hazard and breeding well in the good times may actually be best 
promoted by what looks like a squandering of energy, just as it is an ad- 
vantage for a racing car to be inefficient in the use of fuel to make it go 
faster. There may thus be little intellectual fruit to be plucked by measur- 
ing things such as growth efficiencies and population efficiencies in the 
laboratory. Modern ecologists are making more progress by trying to 
put themselves in the place of animals in the field and asking them- 
selves: How does this animal get its energy? Could it improve its supply by 
doing something else? What does it do with its energy when it has got 
it? What other choices are available to it? We can be sure that the ani- 
mals are being “efficient” at whatever they are doing (just as the racing 
car was “efficient’’ at going fast), but it does not seem to help us very 
much to say so. 


One of the grand phenomena of nature is that plants of the open sea are 
very small. They are so small that herbivores must be tiny also, meaning 
that all large animals of the sea are carnivores feeding many links of a 
food chain away from the plants and being necessarily rare. The 
smallness of marine plants is thus an important phenomenon for an 
ecologist to explain. Current hypotheses are that the large surface area 
earned by smallness helps the small plants to resist sinking and aids in 
the uptake of scarce nutrients, or that small size promotes rapid turn- 
over and thus the efficient use of resources. These hypotheses do not 
meet the objection that large floating plants should attain such domi- 
nance, competing so effectively for light that the relative efficiency of 
small size would be unimportant, just as it is on land. It is probable that 
large floating plants do not exist, except in the Sargasso Sea, because 
drifting in winds and currents would impose unacceptable losses on 
their populations. The structure of marine animal communities which 
the smallness of plants imposes compounds the desert properties of the 
seas, which make the prospects for ocean farming poor. It is likely that a 
doubling of the present yields of world fisheries is the most that even 
enlightened ocean husbandry can attain. 
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Casual inspection of life in the deep sea reveals a remarkable difference 
from life on land, and one that might not be expected; there are no large 
plants in the open sea. A nice warm piece of well-lighted ocean may be 
off shore from a tropical rain forest in a place where there is lots of water, 
lots of solar energy, and at least some nutrients; and yet there is nota big 
plant in sight. Indeed, if you swim in sucha patch of ocean wearing a face 
mask, you will not be able to see any plants at all. You may see a big 
animal, a shark or marine mammal, but this is unlikely for such things are 
sparsely distributed over the ocean. Smaller fish will be fairly common, 
smaller ones still may be very common, and there will be myriads of tiny, 
darting specks, the zooplankton of the sea. This is an animal community 
of sparse big ones and common little ones, the whole neatly conforming 
to the concept of the Eltonian pyramid; but there will not be one plant big 
enough to be seen. Plants are present, and in great numbers, but they are 
all microscopic; the diatoms, dinoflagellates, and coccolithophorids of 
the open sea. The extremely small size of these plants has imposed on the 
animal community in a most complete way the effects of the principles of 
food size and energy flow. All herbivores must be small enough to eat 
microscopic food; all large animals must be carnivores, and very large 
animals must generally be many links of food chain removed from the 
tiny plants that are their ultimate energy source. Consequently large 
animals can obtain only a small energy flux and must be relatively rare. 
Even the filter-feeding whales and basking sharks cannot trap marine 
plants and must be carnivorous, feeding on planktonic animals, which in 
turn filter out the tiny plants. The curious absence of large plants from the 
open sea thus has far-reaching effects on the economy of the oceans, 
becoming a controlling influence in the lives of animals. Why are there 
no large plants in the open sea? How is it that a site offering water, 
warmth, and light good enough to support rain-forest trees on land has 
only plants of microscopic size? 

Answers to these questions commonly offered in oceanographic texts 
depend on the fact that small bodies have large surface areas relative 1) 
their volume. The total surface of a population of microscopic plants is 
enormously greater than would be the surface of one plant of similar total 
mass, and this is so dramatic and obvious a result of small size that it 1s 
natural to seek in it the advantages of smallness. 

A large surface area means that there will be relatively high frictional 
forces between the plant cell and the water, suggesting that it should sink 
more slowly than would a larger plant. Open-sea plants must stay up In 
the lighted water at the top of the ocean, and normal protoplasm is denser 
than seawater and will sink unless kept up by floats or swimming. It may 
be that reducing the tendency to sink by being very small gives a plantan 
advantage, but this explanation of smallness has an unsatisfactory soun 
to it. The advantage cannot be very great for even the smallest plants must 
still help support themselves in other ways; by containing bubbles of oi 
that act as floats, by lowering their ionic content (Lewin, 1962), o by 
swimming with flagellae. If small plants can use oil floats, why shou 


large ones not use floats also? Indeed, we know that the large plants of 
coastal waters, the algae which are anchored to rocks, do float their 
fronds with air bladders, and that some of them may drift about the open 
sea when torn from their holds, when they may live and grow for a long 
time. Large ocean plants should thus have no difficulty in keeping them- 
selves near the light, and any advantage a small plant has must be slight. 

A second consequence of large surface area is that there is a large 
membrane surface in contact with the water which can be used for the 
uptake of nutrients. Essential nutrients, particularly phosphorus, are in 
short supply in the sea and set limits to the productivity of marine plants. 
Any superiority in winning the available nutrients should give a decisive 
advantage, and a large surface area may be thought to provide this advan- 
tage, thus explaining the smallness of oceanic plants. This is an attractive 
hypothesis, and one which has met with favor by marine biologists. It is 
the preferred explanation of the great English planktonologist, Alister 
Hardy (1956). And yet there are obvious objections to it. Many large 
plants do live in seawater, although not in the open sea. They live 
anchored to the bottom in the shallow waters off coasts, fixed but not 
rooted, deriving all their nutrients by absorption at the surfaces of their 
fronds. Among their number are the giant kelp of the North Pacific, the 
longest vegetables in the world. If these anchored giants can gather their 
necessary nutrients from the sea, why should not floating plants do the 
same, from similar seawater farther out from shore? It is true that 
anchored plants have the advantage of standing in a flow of water, but we 
also have the evidence of sargasso weed that nutrients can be sufficient 
for large plants even when not anchored. A small plant may have some 
advantage, but a flat leaf-shaped large plant should still expose a very 
large surface to the nutrient medium; surely enough to suffice. 

Very small plants may be short-lived, and thus may turnover very 
quickly. That they do is well shown by measuring standing crops of 
Zooplankton and phytoplankton from the same area of sea, when the 
standing crop of animals is usually found to be greater than the standing 
crop of plants on which they feed (Figure 11.3). The explanation for this 
is, Of course, that the plants are turning over very quickly; that they 
reproduce quickly while being closely cropped by the animals. The 
energy flux through the plant trophic level is much greater than that 
through the herbivore trophic level, but the plants are rapidly degrading 
energy or passing it on to the animals as food. This high rate of turnover 
can be taken to mean that nutrients are not held for long in the bodies of 
the plants but are quickly returned to the system to be used again; which 
is to say that small plants use the sparse supply of nutrients more ef- 
ficiently than would large plants. It is possible, therefore, to look at the 
smallness of oceanic plants as a device for the efficient use of nutrients. 
This is perhaps the most tempting hypothesis yet, for hypotheses of max- 
imum efficiency always have a Satisfying ring about them. But this 
hypothesis is also open to objections. Large plants which turn over slowly 
do live in the sea, when anchored. They can also go on living when torn 
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up and floated out to sea, as a seaweed (Sargassum sp) does indefinitely 
when it is collected by currents into the Sargasso Sea. Then it may not be 
efficient to lock up nutrients in your own body, but once you have them, 
you have them; and you survive. Survival, not efficiency, is what counts 
in the natural world, something | have already suggested when discussing 
efficiencies of energy conversion. Any advantage given to small plants by 
the efficiency with which they used nutrients would probably be of little 
importance if there was real survival value in being large. 

On land, the survival value of being large is apparently overriding, and 
the advantages to largeness are so apparent that we never need debate 
them. The large plant wins space, achieves dominance, takes for itself an 
energy supply which it denies to smaller plants beneath it. Such advan- 
tages should prove decisive in the sea also, if they could be won, and 
where plants can anchor themselves in shallow water, they apparently 
can be won. Large seaweeds do hold space, become dominant, and have 
canopies which, although waving, may be remarkably complete. In the 
sea, as on the land, the plant that can shade out the others has the real ad- 
vantage. Anchored plants can win this advantage; floating plants cannot. 

The floating habit does not in itself deny a plant the chance to win 
space and achieve dominance, since the water surface can be easily cov- 
ered by floating plants. This actually happens in freshwater ponds cov- 
ered with duckweeds (Lemna sp), which may cover the surface with a 
dense “canopy” as opaque as that of many a temperate forest so that little 
light penetrates to the water beneath. If such a layer of floating plants 
were established on the surface of the ocean, they should dominate the 
seas just as trees dominate the vegetation of the land. Tiny plants might 
still derive what advantage they could from their large surface areas and 
their high turnover, but it would avail them little in the darkness under the 
floating canopy. The reason that oceanic plants are small must be that 
floating canopies cannot be established; and it is not very hard to see why 
they cannot. The winds and currents of the sea would sweep them away 
to regions outside the tolerances of the plants. Duckweed does not cover 
large lakes, even though the plants may be plentiful round the edges, 
because wind piles them up against the shores. In the very much larger 
sea, such blowing away from preferred sites could always be expected. It 
seems that blowing away must be thought of as the selection pressure that 
denies the open sea to large plants, in spite of the advantages of domi- 
nance that large size would give them. Small plants must be continuously 
moved from their preferred habitat also, but their high turnover and low 
standing crop saves them, keeping the loss down to negligible propor 
tions. 

Support for this hypothesis comes from the phenomenon of the 
sargasso weed floating so densely in the Sargasso Sea. Accidents of wind 
and current concentrate floating objects in the Sargasso Sea, and here a 
floating canopy of plants collects; and does so despite the fact that the 
concentration of nutrients and fertility of the Sargasso Sea are known to 
be perhaps lower than in other parts of the ocean (Ryther, 1960). 
Sargassum grows and persists while afloat, as has long been known. In 
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many tropical seas, not just the Sargasso, fronds of the weed can be seen 
floating as small clumps scattered over the ocean, but they are usually 
just pieces of shore-growing weeds that have been broken off by storm 
waves and carried out to sea. They do not normally reproduce away from 
their anchorage on shore rocks and so are not true pelagic plants. But in 
the Sargasso Sea, as is now known (Dawson, 1966) Sargassum completes 
its whole life cycle, living endless generations without recruitment from 
the coast. It is a true oceanic plant. Apparently, the peculiar current 
system that collects flotsam into the Sargasso Sea is an ancient one, 
having persisted long enough for the Sargassum there to have evolved 
feproductive systems suitable for the floating life. 
There is a complication to the pattern of the smallness of marine plants, 
for they are not everywhere equally small. In 90 percent of the oceans, 
the deep, unproductive stretches of blue water, plants are very tiny 
indeed, the so-called nannoplankton (nanno meaning dwarf) whose cells 
are between 5 and 25 microns across. But in the more productive 
shallows over the continental shelves plant cells may be more than a 100 
microns across (the microplankton and small-enough, for 100 microns 
means a tenth of a millimeter), and in rich productive upwellings there 
may be relatively huge filaments or colonial forms stretching for milli- 
meters or even centimeters (Ryther, 1969). What this probably suggests is 
that the selection for smallness to avoid loss by drifting is not quite so 
relentless in the more productive places so that various of the general ad- 
vantages of bigness come to be important. Sometimes, for instance, rela- 
tively large-size may have given some immunity from being eaten by the 
tiny zooplankters of the oceans. But such largeness is strictly relative, in 
No way modifying the general observation that oceanic plants are small. 
And this smallness if a direct consequence of the fluidity of the medium; a 
ditect response to a physical parameter of the environment. It is responsi- 
ble, in turn, for the characteristic structure of the animal community of 
the sea, for the smallness of herbivores and the rareness of large animals. 
The seas are mostly poorly productive deserts, intrinsically unsuited to erage 
farming (Chapter 10). To this fact must be added the consequences ofthe OC 
small sizes of ocean plants, which means that large animals, including 
Men, must harvest them at the ends of long food chains. We cannot crop 
the tiny scattered phytoplankton, nor even the zooplankters which graze 
it, and must crop several food-chain links away where the original energy 
Supply has been diminished several times over. This is a hard fact that 
those who would extensively farm the oceans have to face. We now 
have, in fact, enough data to put numbers on this reality and to compute 
ie eg food resources of the sea, as has been done for us by Ryther 
9). 
_ Ryther begins his analysis by noting that you may divide the oceans 
into roughly three kinds of place; the rich productive fishery areas of the 
upwellings, the less productive coastal and shallow regions, and the great 
blue desert of the bulk of the oceans. 
The fishery sites of the upwellings produce with high efficiency, though 
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TABLE 12.1 Yield of Food From Parts of the World Oceans. 


| 326 X 10° 


36 X 10° 


3.6 X 10° 


* Includes offshore areas of high productivity. 


they occupy only a small area, and the high primary production is in the 
form of relatively large small-plants, those whose filaments or colonies 
may be millimeters or centimeters long. It is possible for quite large fish to 
be herbivores in these places, so that fishermen can make their catch just 
one or two trophic levels from the plants. In coastal shallows, however, 
plants are reduced to the microplankton, and it takes several links of 
eating and being eaten before there are fish large enough for fishermen. 
And in the open sea, the nannoplankters are so tiny that five or more 
trophic levels may be needed, perhaps going nannoplankters-carnivorous 
protozoan-carnivorous copepod-chaetognath-small fish-larger fish-larger 
fish still. Most of the open oceans are the homes of nannoplankters 
and long food chains, as well as being the places of least production. 
Once the local primary productivity and the lengths of food chains are 
known, there is one thing more you must have if you are going to com 
pute the yield of fish-food to men. This is the ecological (Lindeman) ef- 
ficiency of energy transfer from one trophic level to the next (Chapter 
11). Ryther accepted the general rule-of-thumb figure of 10 percent, but 
thought that efficiency might be less in the blue water where the dispel- 
sion of plants meant that much energy must go in hunting, and rather 
more in the productive upwellings where food was clumped and could 
be obtained with less effort. He chose 20 percent efficiency for)Ups 
wellings, 15 percent for coastal regions, and 10 percent for the blue water. 
He could then compute the potential fish yield from each segment ofthe 
oceans, thus showing the total oceanic resources which men could hope 
to exploit. The results are in Table 12.1. é 
Ryther thus found that the production of fish by the world oceans !§ 
about 240 million tons annually. We could not, of course, harvest all this, 
because to take the lot would ruin the fisheries for subsequent years. Also 
we have competitors in other carnivores of the sea, such as guano birds, 
sea lions, whales, sharks, and the like, which we might not want to kill off 
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The analysis suggests that the bulk of the oceans are not only deserts because they 
are short of nutrients (reflected in the productivity column) but that the small size 
of the plants of those places, and the low ecological efficiencies likely, compound 
this low productivity to ensure that the fish supplies which men can get from the 
Oceans are small, Most fishing has to be done in the small productive places, and 
fish harvests already being taken cannot be more than doubled without ruin to the 
fisheries. Data from Ryther, 1969. 


as thoroughly as we have killed off the carnivores of the land. So Ryther 
suggests that we should consider 100 million tons of that 240 million tons 
to be fair game. But the world fisheries of the moment average about 60 
million tons a year, so that men can probably only hope to about double 
the yield of food from the sea. Even if this estimate is wrong by a factor of 
two or three, it still reveals the extremely dim prospects of ocean farming. 
We cannot significantly increase the food of a starving world by farming 
the oceans, because the oceans are nutrient-poor deserts, and because 
the plants are so small. 
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Lakes and the oceans always contain organic molecules in solution, as 
would be expected, because animals and plants are constantly excreting 
and dying there. The actual mass of such dissolved matter is very large 
being many times the solid particles, both living and dead, which are 
suspended in the water. This mass of dissolved matter represents a large 
potential energy resource, suggesting that solutes should be used for 
food by some sorts of animals. An early controversy, known as the 
Piitter-Krogh argument, developed over whether a large variety of 
aquatic animals relied on dissolved organic matter as their principal 
source of food. The argument was settled by the experiments of Krogh 
which showed that uptake of dissolved food by many aquatic animals 
was negligible. More recent work has shown that, first, much dissolved 
Organic matter becomes synthesized into solid aggregates on the sur- 
faces of bubbles after which it is used as food by filter-feeding animals 
and, second, that some bottom-living animals, notably the Phyllum 
Pogonophora, may well rely extensively on dissolved organic matter for 
food, as Piitter postulated. It should be interesting to know what part of 
the energy budget of marine life goes to maintain the reservoir of dis- 
solved organic matter in the world oceans. 
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Much organic matter is dissolved in the water of seas and lakes, as might 
be expected because animals and plants are always excreting or rotting in 
the water. What might not be expected is that the mass of dissolved sub- 
stances is very great, certainly many times the mass of the living and dead 
solids suspended in the water. 

Some of the pioneering studies in limnology were made by Birge and 
Juday (1934) on Lake Mendota, the large and beautiful lake on which the 
University of Wisconsin is built. They made standing-crop counts of all 
the animals and plants of the lake, the fish, the plankton, the rooted 
plants, and the various benthic forms from the bottom; and they screened 
out the dead organic particles that were floating or settling through the 
water, From these studies they could calculate the total solid organic 
matter present in the lake water, both living and dead. Then they filtered 
typical samples of water to remove all solids, and heated the filtrate with 
potassium permanganate. Any organic matter present in the filtrates 
would then be oxidized, reducing a proportional amount of the 
permanganate. Estimation of the remaining permanganate by titration 
then gave them an estimate of the total organic matter present in the 
sample, from which they could calculate the total mass of organic matter 
dissolved in the entire lake. They found that the figure for dissolved 
organic matter was about seven times that for the total mass of particulate 
organic matter, both living and dead. 

Since Birge and Juday did their work, others have shown that such 
disproportionate amounts of dissolved organic matter are normal for 
lakes. In the seas the disproportion is even more striking, a figure for dis- 
solved organic matter of 300 times the solids being recently suggested for 
the oceans as a whole. This striking discrepancy reflects the vast volume 
of bottom water in the oceans to which no light penetrates and in which 
plants cannot live. The reservoir of deep dark water presumably acts as @ 
sump for dissolved matter, whereas most particles and living things are 
concentrated near the thin lighted zone at the top (the photic zone !n 
Greek). But even in the photic zone of the sea dissolved matter certainly 
exceeds particles, just as in lakes, a fact which gives rise to the interesting 
ecological question: What happens to this dissolved organic matter? It 
represents energy. What niches have been developed to take advantage 
of this energy supply; or does it all go to waste? 

These valid and significant ecological questions were asked by the 
German physiologist August Piitter as soon as the disproportionate 
amount of dissolved organic matter was known. A reasonable if tentative 
first answer should surely be that animals used it as food. Aquatic animals 
from copepods to fish could be thought of as living in a sort of dilute 
soup, so that it was not unreasonable to postulate that some of them sim- 
ply absorbed the dissolved food supply through their skins. This ee 
Puitter’s hypothesis (Krégh, 1931). He was encouraged to believe in its 
soundness by the common knowledge that animals of all sizes were 
abundant in a relatively plantless sea. Plant food of marine animals was 
hard to find, but here was an alternative energy source, the dissolve 
organic matter, which could very well have come to the sea in rivers: 


Piitter attempted to test his hypothesis by calculating the food require- 
ments of aquatic animals. Animals most likely to absorb nutrients should 
be small ones of large surface area, many of which could be seen to direct 
currents of water through various bodily structures by means of cilia or 
appendages. It was commonly held that the structures and water currents 
of small animals were devices for catching solid food, but Pitter reasoned 
that the animals could just as well be extracting dissolved nutrients from 
the water instead. He could check on this by calculating the food 
requirements of the animals and then seeing if sufficient solid food was 
present in the water which an animal could fish clean or if the much 
greater mass of dissolved nutrients must be relied on. The animal must 
receive as many calories per hour from its food as it loses by respiration. 
Already the respiration rates of most types of small marine animals were 
known, and Pitter had himself been involved in some of the determina- 
tions; you put the animals in a closed jar of water for a set time and then 
determine by titration the oxygen loss. A small marine protozoan was an 
obvious choice for an experimental animal, since this type should have a 
large surface over which it directed water with its cilia, and Piitter chose 
Collozoum inerme, an animal of about 0.1 cc volume. Piitter concluded 
that such an animal would have to fish clean 9400 cc of water every hour 
just to find enough solid food to meet its respiration requirements, which 
is surely an impossibility. On the other hand, it should only have to pump 
0.55 cc if it could rely on the dissolved organic matter. For Putter this 
settled the matter, but others were not ready to accept his figures. He had 
made unfair assumptions about the sparseness of solids and the abun- 
dance of solutes in typical seawater to favor his arguments. When others 
did the same calculations on more generally accepted assumptions, the 
results were much less dramatic; being 760 cc per hour to be fished clean 
if feeding on solids, but only 6 cc if absorbing dissolved nutrients; but 
even these figures still favored the Piitter hypothesis, since it is unreason- 
able to expect so tiny an animal to fish clean even 760 cc per hour. But, 
strange to say, both Piitter and his critics had not noticed the most serious 
source of error in the calculations: no one had made proper allowance 
for the really tiny plants of the sea, the nannoplankton. The importance of 
these plants, the main primary producers of the sea, was not known until 
1908 because the standard nets used to sample plankton up to that date 
were too coarse to catch them. Their presence had not been allowed for 
in Pltter’s calculations. Once they were, the calculated fish-clean vol- 
umes became much more reasonable. 

If Puitter had known about the nannoplankton from the start he would 
probably not have pursued the matter further, but by now he was com- 
mitted, and he went on to seek experimental evidence for his hypothesis. 
He kept fish in aquaria of filtered water which was changed regularly, to 
see if fish could meet their energy requirements by absorbing dissolved 
food. He could calculate the respiration rate of his fishes at intervals by 
Putting them in closed bottles for a time and measuring the oxygen loss, 
which gave him a figure for calories used in respiration during the experi- 
ment. If the respiration calories were more than could be accounted for 
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by the loss of weight of the fish, then the excess must have come from the 
water. In Piitter’s experiments there were apparently large calorific losses 
in excess of the weight loss of his fishes, and he considered his hypothesis 
proved. Unfortunately his experiments were not well-conducted. He 
used few fish and no controls. He “measured” the weight of his fish by 
measuring their lengths only and extrapolating; hardly a good estimate of 
fatness! And worst of all was his measurement of respiration. He fished 
out his fish with a net, presumably involving a chase round the tank, and 
then dumped them in the respiration chamber, where they swam quickly 
round in some sort of panic reaction. They were no doubt respiring very 
quickly during this time! and Piitter took that respiration rate as the 
average for the fish, whereas in the tank they were probably quietly 
starving to death and scarcely respiring at all. 

Pitter made many other experiments of this kind, many of them having 
to modern ears an unsatisfactory sound, and published them in a book. 
Eventually the work attracted the attention of a more formidable experi- 
menter who proceeded to perform more meticulous experiments and to 
criticize Piitter’s. He was a Dane, August Krogh, one of the leading exper- 
imental biologists of the day, and winner of a Nobel prize for his experi- 
mental work. He made no mistake about his experimental methods. 
Animals were kept in tanks through which water flowed, and the organic 
matter in both the inlet and outlet streams was monitored. Krogh used 
fish, tadpoles, mussels, and cladocera; repeating each experiment many 
times. Always there was more dissolved organic matter in the outlet 
streams than the inlet, showing that the animals not only could not make 
a net gain of energy from the water but that they always lost to it by ex- 
cretions. There might be some solute exchange across the animals’ mem- 
branes, as seems natural, but always more was lost than gained. Krégh 
(1931) presented his findings in a classic review article, and pointed out 
with telling accuracy the inadequacies of Piitter’s experiments. And 
Krégh had won the argument. His paper remains as a masterpiece of 
scholarly writing as well as an elegant example of the experimental 
method in biology. Piitter’s methods were made to seem absurd, and he 
was routed from the fray. The animals of the sea lived on solid food. If 
some made use of solutes which happened to be in the water which they 
swallowed, the amount must be so small as not to contribute significantly 
to their energy requirements. It was possible that trace amounts of 
specially useful molecules such as vitamins could be acquired in this 
way, and this possibility has been actively investigated, particularly that 
many animals may need vitamin B,2 from the water (Provasoli, 1 958), But 
Krégh’s paper seemed to make it plain that dissolved solutes could not be 
a significant source of energy for aquatic animals. 

The ecological paradox remained: here apparently was a large source 
of potential energy with no animal using it. Had no animal developed 4 
niche to take advantage of the dissolved organic food of the 
sea?—perhaps an answer in many minds was that bacteria, the decom- 
posers, used this food, as they use so many other food molecules left over 


from the bodies of animals and plants. But then there came the results of 
work in oceanography which suggested a different answer. 

There are often long shiny “slicks” on the surface of seas or lakes, 
which are apparently arranged along the lines where flows of circulating 
water meet. Oceanographers from Woods Hole and the Bermuda Biolog- 
ical Station studied such flows and slicks in the Atlantic. They suspected 
that the slicks were due to thin films of organic molecules collected in 
one place by the flow pattern, and looked into the physical processes that 
might produce suitable molecules for the thin films. Surface phenomena 
between air and water seemed logical; either at the sea-air interface, or 
on bubbles made by the turbulence of the waves. The three men, 
Sutcliffe, Baylor, and Menzel (1963), filtered samples of seawater to 
remove all {iving and dead particles, then bubbled air through the filtered 
water. A foam of organic particles then collected at the top, showing that 
organic solutes in the seawater had been adsorbed at the surface of the 
rising bubbles and built up into solid films that appeared as froth at the 
surface, The three men had, indeed, discovered the source of the 
“slicks,” but they had done more than that. Folding and coalescing of the 
bubble-made films should produce aggregates similar to much of the de- 
ritus floating in the sea, detritus that had long been suspected as being an 
alternative source of food to the filter-feeding animals that normally ate 
phytoplankton. Much of this detritus had been thought to have come 
rom the land; the debris of erosion at the earth's surface; but a more 
interesting suggestion was now possible. Perhaps the detritus in the sea 
was mainly formed from the dissolved organic matter, at the surface of the 
sea or on the bubbles formed by the churning waves, and perhaps the de- 
titus so produced could be used as normal food by some of the filter- 
eeding “herbivores” of the sea. So they made themselves a supply of 
aggregates by bubbling air through columns of filtered seawater and 
collecting the froth, then they fed the material to cultures of brine shrimps 
Baylor and Sutcliffe, 1963). Their experiments were not run like Putter’s; 
they had duplicates and controls. Young brine shrimps placed in filtered 
seawater without solids died, but young brine shrimps in similar vessels 
but supplied with the aggregates grew and developed almost as well as 
hose supplied with phytoplankton as food. Clearly brine shrimps could 
use the energy supply of the bubble-made aggregates, and if brine 
shrimps could do so it seemed not unreasonable that other filter-feeding 
animals could do so also. Probably both the filter-feeding zooplankton 
and the larger filter feeders of the sea floor, such as oysters and clams, 
could eat the bubble-formed detritus, too. 

Piitter’s ecological reasoning had been sound. It ¢ 
the energy of dissolved molecules should be used by animals, but it was 
More than 50 years from his first concluding that they probably did until 
the discovery of the bubble mechanism that provided a niche for the use 
of this energy by many animals. And even with this discovery the fact still 
remained that there was a large reservoir of dissolved organic matter In 
the deep sea which offered a theoretical niche for an absorption-feeder. 


was reasonable that 
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Piitter may have overlooked some obvious animals that would have 
substantiated his hypothesis also, tiny ones that were not so evidently 
equipped as carnivores as was Collozoum. These are the colorless pro- 
tists, near-relatives of some of the flagellated algae of the sea, and even 
perhaps some of their pigmented relatives themselves. That such orga- 
nisms should feed, or supplement their diets, by absorbtion of organic 
solutes seems likely, although perhaps local concentrations of solutes are 
critical. Actively photosynthesizing planktonic plants may actually lose 
organic molecules to solution rather than the other way around (Ryther, 
1969), although perhaps the process could be reversed when photo- 
synthesis slowed. But we now have evidence that some large animals 
supplement their diets by absorbtion, too, in spite of Krégh, and just as 
Piitter postulated that they should. Not the kinds of animals around which 
the Piitter-Krégh argument raged though. Long after the argument had 
faded into an historical curiosity there was found in the deep sea a new 
phylum of animals, the Pogonophora. They apparently came to the 
knowledge of scientific man first as an annoying slime that clogged the 
deep-sea dredge of a British research ship, the scientists of which dubbed 
them “the gubbins” and threw them over the side. Later others pointed 
out that “the gubbins” were squashed animals of a new phylum, and they 
managed to retrieve some more or less intact animals. They were worm- 
shaped things which apparently lived in tubes buried in the surface mud 
of the deep ocean basin with one end sticking out into the water, and they 
had one great peculiarity. They did not have a gut, or not one that could 
be identified. A gutless animal is almost a contradiction in terms. The 
gubbins are not parasites in a broth of digesting food like tapeworms. 
Then how did they feed? Problems of such interest do not go long un- 
tackled among the ever-increasing numbers of modern scientists. Off 
Miami was found a relatively shallow water form which could be got up 
alive and kept in an aquarium for observation. A British research ship 
hauled others up from the deep sea and kept them (not called gubbins this 
time) for a short while in the ship's aquaria. Both groups thought of put: 
ting nutrients labeled with isotopes into the aquarium water to see if they 
were absorbed by the Pogonophora, and both used amino acids. Their 
papers were published side by side as “notes” in Nature, on June 1, 1968 
(Little and Gupta, 1968: Southward and Southward, 1968) and both 
showed that the labeled dissolved amino acids appeared later in the 
bodies of the pogonophorans. They could, indeed, feed on dissolved nu- 
trients. 

Studies with labeled nutrients have also shown that various other 
marine animals can absorb some nutrients from the sea, notably starfishes 
and their stalked relatives, the crinoids (Fontaine and Chia, 1968), but 
these animals have other obvious methods of feeding which clearly 
supply most of their food; their absorption of nutrients may well not 
supply them with as much energy as they lose by excretion during the 
same time, as was shown to be normal in Krégh’s experiments. What Is 
particularly suggestive about the discovery of the Pogonophora is that 
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Figure 13.1 


Fate of organic matter dissolved in the sea. Most organic production of the oceans is used as 
solid food by marine animals or saprobes, and is oxidized by them. But some is held in solu- 
tion, being leaked from the cell walls of living algae, as soluble excretory products, or in 
the decomposition process. Extra dissolved organic matter is contributed by rivers and 
perhaps as a result of oil spills. Some is returned to living systems as solids formed at the sur- 
face of bubbles, some is absorbed by animals such as pogonophorans and echinoderms or 
by protists or even plants, and some perhaps is adsorbed by sediments and incorporated into 
fossil-fuel reserves. This figure is a descriptive model of a system that presumably results in a 
steady-state concentration of dissolved organic matter in the world oceans. We as yet have 
no measures of the rates of the various processes in the system. 


they have no gut as evidence that they also feed on solid food. They do 
have tentacles, though, which might allow surface digestion of trapped 
solids. We have not yet shown that Pogonophora feed entirely, or even 
extensively, on dissolved nutrients, but the evidence does suggest that 
they might. It is ecologically right that the potential niche of solute-feed- 
ing in the deep sea should be filled. Piitter’s original postulate may well 
be proved valid by the Pogonophora, a phylum of which he died in 
ignorance. 

There is yet some very interesting ecology to be done on the solutes of 
the oceans, Perhaps the most exciting task would be to try to construct a 
Model of the system by which the concentration of solutes is maintained. 
It looks as if a steady state might be established, with organic solutes 
being contributed by leakage from algae, by solution during decomposi- 
tion, by excretion, and by runoff from the land; and that this input is bal- 
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anced by losses to animals such as Pogonophora and protists, by the 
production of aggregates in surface turbulence, and perhaps by adsorb- 
tion to sediments. It should be possible to make an energetic model of this 
steady state, which should show the rates of inputs and losses to that res- 
ervoir of dissolved organic matter which is 300 times the living things and 
all other organic solids of the ocean system. What part of the total energy 
flow of world oceans goes to maintain this steady state? (See Figure 13.1.) 


Study of nutrients in ecosystems reveals how all elements on the crust of 
the earth are being moved about, cycled within ecosystems, and carried 
long distances by physical processes operating over geologic time. An 
inquiry into the apparent unsuitability of many tropical soils for West- 
ern agriculture illustrates this, for it is found that the nutrient reservoir 
of such a community as the tropical rain forest is held in the trees them- 
selves. When, at the death of the trees, the nutrients find their way to 
the soil water they are quickly recovered by an efficient root network, 
thus completing a very effective nutrient cycle. In a temperate forest, 
however, much of the nutrient reservoir is maintained in the soil, both 
in slowly rotted organic matter and adsorbed to mineral and organic 
Particles, but again the nutrients are retrieved when they reach the soil 
water by the root system. From both tropical and temperate forests 
there is a loss of nutrients in drainage waters which has to be made good 
by long-distance transport in the wind, or by mining the crust of the 
earth through weathering. Nutrients are constantly leaking from all ter- 
restrial ecosystems in the drainage water, however efficient the short- 
term nutrient cycles may be, and these nutrient leaks all serve to enrich 
the sea, but it turns out that there is an opposite flow of nutrients from 
the sea back to the land which offsets the nutrient loss in drainage 
waters. Such a return was suggested by a study that compared the salti- 
ness of the world oceans with the annual discharge of salt in the world’s 
rivers. If the oceans are as old as radiometric dating methods suggest, 
and rivers have always discharged as much salt as they do at the 
moment, the oceans should be five times as salty as they now are. It is 
concluded that one-third of the salt brought down each year by rivers to 
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the sea is returned in wind and rain to the land and most of the 
remaining two-thirds is raised out of the sea annually in new sedimen- 
tary rocks by crustal movements. Wind, weathering, and crustal 
writhings, therefore, are constantly moving the raw materials of eco- 
systems about the surface of the globe, maintaining local concentrations 
at roughly constant levels over geologic time. This unity of the bio- 
sphere is further illustrated by the study of phosphorus cycles. Only a 
small portion of the annual phosphorus discharge in rivers, enhanced as 
it is by the phosphatic fertilizers of agriculture, is returned to the land by 
the wind, seabird droppings, and fish residues. The rest is deposited on 
the ocean floors and must await geologic processes for its return, or we 
must mine the seabed. There is a phosphorus cycle in lakes between the 
surface mud of the bottom and in the water, but heavily fertile polluted 
lakes deposit mud so quickly that the excess phosphorus is buried for the 
life of the lake and removed from the system. Polluted lakes are thus 
selfcleaning. The discovery that the biosphere must be regarded as a 
single ecosystem is less comforting, however, because any change or 
contaminant we introduce into one part of the earth may have repercus- 
sions everywhere else. 


A well-known axiom of Western agriculture is that tropical soils are infer- 
tile. If you clear a typical piece of tropical land, plough it up, and sow 
your seed, your efforts are poorly rewarded. Within two or three years 
your crops fall off to uneconomic levels, and you may be forced to 
abandon the land. This pattern was so well-known to indigenous peoples 
of tropical places that they commonly resorted to abandoning the land 
after a few years and moving on to clear some more, a proceeding known 
as “shifting agriculture.” It seems that trying to farm the same tropical 
place for more than a few years is not worth the effort. There are, of 
course, exceptional places in the tropics where you can make farming 
work, on the flood-plains of great rivers, for instance, but over large areas 
efforts to farm in the ways that sustain European civilization come to very 
little. So you say these tropical soils are infertile. There have been many 
postmortems on why this should be so, and they leave no doubts about 
the reason the crops would not grow. Many tropical soils are deficient in 
the essential nutrients of agriculture. When you send a sample of suspect 
soil to the lab, the report comes back that the sample was deficient in 
NPK, in nitrates, phosphates, and potassium. The mystery seems solved; 
but there is an intellectual catch here. Before you ploughed the land, you 
had to clear the native vegetation, and this might well have been rain 
forest. The soil is demonstrably infertile. It will not grow crops, and the 


lab says it is quite deficient in essential nutrients. And yet a short while 
ago that infertile soil was supporting the lushest form of vegetation known 
on earth. How could this be? 

It is easy to see how a tropical soil might be deficient in essential nu- 
trients, for these are all more or less soluble and the soil is being con- 
tinually drenched and washed through by the warm tropical rains. This 
washing out of the tropical soil is so thorough that even the silicates in the 
soil are removed in time, and there is left just that red granular mixture of 
iron and aluminum oxides which makes the tropical ground red (Chapter 
3). If even silicates are dissolved away, then the fate of phosphates and 
potassium salts must be certain. But if the nutrients are removed, how 
does rain forest manage to grow? 

Examination of a living rain forest will show that the site during the life 
of the forest does, in fact, possess plenty of nutrients. But the supply is 
held in the trees themselves. In this ecosystem, the living things are their 
own reservoir of nutrients. It is, on the face of it, an uncertain reservoir, 
because it must be continuously raided by herbivores and by death. For 
when a tree dies, it is taken down by termites and fungi in an as- 
tonishingly short time, its substance rots, and its nutrients are washed out 
by the rain to vanish in the soil. And endlessly animals eat the trees, to 
hold nutrients in their bodies during the fleeting spans of their lives before 
donating them to the soil; or else they excrete the nutrients away within 
hours of snatching them from the trees. These raids on the reservoir must 
be a serious leak, one that should rapidly waste the entire hoard, unless 
the loss was made good in some way. But the loss seems to be made good 
by an efficient network of tree roots. Deep underground is spread a net of 
rootlets and associated fungal filaments so complete that the nutrients es- 
caping in the soil water are nearly all recaptured. It is as if there was a 
dialyzing membrane spread beneath the forest to catch the precious nu- 
trients before they are washed away to the sea; a dialyzing membrane 
made of the mycorrhiza and root hairs held by the roots of the forest. 
When a farmer clears the land, he destroys this nutrient retrieval system, 
and the whole hoard on which the forest was based can be sent to the sea 
in weeks or months. The farmer finds the soil infertile; no wonder, he 
made it so (Nye and Greenland, 1960). 

This story reveals that nutrients are cycled in a rain forest. From the res- 
ervoir in living things, the nutrients steadily escape to the soil as the living 
things die or are eaten. The sojourn in the soil is very brief, for the roots 
catch the nutrients once more and send them back to the community 
above, The cycle seems to be remarkably efficient, but nothing is perfect 
and there must be some leaks. The roots and mycorrhiza must always 
miss a molecule or two, so that a trickle of nutrients runs away. This 
trickle must be made good, or the forest would slowly perish. There are 
two ways in which the loss can be made good, by the weathering of fresh 
rocks, and by washout from the atmosphere brought in with rain or as 
dust. Weathering of fresh rocks is essentially a mining operation and as 
such its success depends on the richness of the local “‘ore.’” But past 
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Figure 14.1 


Nutrient cycle in a tropical forest. The nutrient reservoir in many tropical forests is 
held in the plants themselves. Nutrients entering the soil water by decomposition of 
plant or animal remains are quickly retrieved by a fine network of root hairs and 
mycorrhiza. This retrieval system may be so efficient that the loss of nutrients in the 
drainage waters is small enough to be offset by what fresh supplies are provided in 
rainwater or from ancient weathered rocks. Farming in such places destroys the liv- 
ing nutrient retrieval system with a consequent loss of the nutrient reserves in the 
drainage water. 


weathering of rocks under a rain forest may have been so severe that 
there are little nutrients to be won by further mining, so that it may be that 
many a tropical ecosystem is dependent on the small supply of nutrients 


-brought by wind and rain from distant places. But wind, rain, an 


weathering together must be just sufficient to offset the leak to the sea. 
There is a balance between input and output, with an efficient cycling in 
between, the condition called by physicists a steady state. Such cycling 
and steady-state flow is essential to the survival of the forest (Figure 14.1). 

This explanation of the infertility of tropical soils raises further ques- 
tions, the first of which is: Why, if tropical soils are infertile, is agriculture 
of sorts so successful in some parts of the lowland tropics, tropical rice 
culture, for instance? The answer to that one is probably that the sites 0n 


which tropical agriculture is successful are generally deltas and flood- 
plains of major rivers; the Mekong, the Ganges, the Nile. These are the 
places where sediment in suspension is dumped by the rivers, sediments 
that carry adsorbed to their surfaces the leaked nutrients from all the 
ecosystems of the hinterlands. Itis a very mixed blessing damming one of 
the major tropical rivers, as has been done across the Nile at Aswan, 
because you deny your floodplain its annual increment of nutrient-rich 
sediment. 

Asecond question is: How, if the soils without the forest are infertile, 
did the forest get there in the first place? The answer to this must lie in a 
long process of succession. There are plants that can live on soils consid- 
ered by a farmer to be remarkably infertile, as is witnessed by the condi- 
tion of abandoned land in the tropics; it is covered with plants. Pioneer 
plants must be adapted to making do with lean nutrient supplies. They 
cover the ground. The ecosystem of which they are a part cycles nu- 
trients, inefficiently to be sure, but enough for the stores in their bodies to 
build up. Other plants, of later stages of succession, are able to enter the 
system. The cycles become more efficient, and so on. Such successions in 
the tropics may sometimes be very long, perhaps requiring centuries or 
millennia; we do not know. It is also possible that they might sometimes 
require climatic conditions that have passed away. | suspect this may be 
true in the rain forests | once studied in Northern Nigeria, forests that are 
Now receding before the doings of man to give way to savannahs in 
which rain-forest trees no longer regenerate (Killick, 1957). Perhaps 5000 
years ago, during the last wet period (pluvial) in Africa, succession to rain 
forest took place. Ever since the forest maintained itself, controlling its 
own microclimate, hoarding and cycling its nutrients, a leading force in 
its ecosystem. Other ecosystems replace that forest now. Perhaps we 
must wait for climatic change before the forest can be made to grow 
again. This is speculation, but somewhere it may well be true. 

A third question is of particular theoretical interest: Why, if nutrients 
can be so speedily leached from soils, does agriculture work at all, even 
in temperate regions? Temperate soils may be well-watered, too, and 
their nutrients, being the same, are no less soluble. Why don’t the nu- 
trients of temperate lands vanish to the sea as soon as you start ploughing? 
The answer seems to be in two parts. One is that organic decomposition 
Proceeds comparatively slowly in temperate climates. Low average tem- 
peratures keep the rate of decomposition down; the seasonality of 
climate restricts the kinds and activities of soil organisms; and these facts 
combined mean that there is always much organic matter in temperate 
Soils. This organic matter is a major reservoir of plant nutrients, one that 
slowly releases them, providing a useful trickle for the plants. The temper- 
ate climate means that part of the ecosystem’s nutrient reservoir can be 
Maintained in the corpses and slowly rotting excrement of the system, in- 
Stead of having to be maintained in living tissues. 

The second part of the answer lies in a physical property of temperate 
Soils. They commonly are rich in the minerals we collectively call “clay, 
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minerals constructed on sheets of oxygen atoms to form lattices of very 
large surface area (Russel, 1950). The surface of a clay lattice is negatively 
charged, which means that cations are attracted to clay particles and held 
in the soil. Nutrients such as potassium, calcium, and many trace 
requirements such as cobalt and vanadium, are thus retained in these 
soils against loss in soil water. At the same time there are many sites on 
soil organic matter that are positively charged, and which, therefore, are 
able to retain anions such as nitrate and phosphate. The chemical proper- 
ties of temperate soils thus also make them a suitable reservoir for the nu- 
trients of the ecosystem of which they are a part. 

There is a cycling of nutrients in temperate ecosystems no less than in 
tropical ones, but a large part of the total reservoir is held in the soil (Fig- 
ure 14.2). Clearing the temperate forest and ploughing the land does 
increase the rate at which nutrients are leaked, but the new ecosystem of 
agriculture is yet able to maintain its cycles tolerably well. There is 
mining of the local rock by the weathering process of the ecosystem, and 
this rock provides a more plentiful source of fresh supplies than do the 
more thoroughly worked-over rocks of the tropics. The input of fresh nu- 
trients from this source and precipitation may, perhaps, equal the leak 
from the agricultural ecosystem to rivers, maintaining a steady state and 
enabling temperate agriculture to continue indefinitely. The extra nu- 
trient-leak represented by crops removed, however, must also be made 
good by manure and fertilizers, or agriculture proceeds by mining the 
soil. 

There is a point of special interest to ecological theory which develops 
from the different nutrient cycles of tropical and temperate ecosystems. 
Temperate trees can rely on an accessible soil reservoir of nutrients, but 
tropical trees may not. There must be a struggle for nutrients among 
tropical trees which is far more intense than any similar struggle in tem- 
perate places. This is a fact that may have been of enormous importance 
in the evolution of the rich flora of a rain forest. 

In summary, all the soluble nutrients needed by plants and animals, ex- 
cept for nitrates and carbon dioxide for which the ultimate source is the 
atmosphere, are replenished from the great reservoir that is the crust of 
the earth. They are mined by weathering and conserved by cycling. The 
nutrient cycles of temperate ecosystems allow for considerable sojourns 
in the soil, but tropical soils do not retain nutrients for long and they must 
be speedily retrieved by plants. Both natural systems are adjusted so that 
there is a steady-state input of nutrients from weathering balancing leaks 
of nutrients from the systems to the sea. All terrestrial ecosystems lose nu- 
trients to the great sump of the sea. Although the reservoir of crustal rocks 
is available to ecosystems, a process of continual denudation of the lan 
for the enrichment of the sea should have potent evolutionary con 
sequences if carried on for long enough. It is, therefore, important to 
examine the fates of crustal nutrients over geologic time. What happens to 
the solutes that are washed to the sea? Does the sea always get richer at 
the expense of the land? 


Nutrient cycle in temperate forest. The main nutrient reservoir in temperate soils is 
in the soil itself. This is not subjected to such intense leaching as is a tropical soil, 
and it holds much organic matter that, in turn, holds nutrients. Nutrient cycles are 
slower, but there is still a steady-state supply. Wise agriculture may maintain this 
steady state in the agricultural ecosystem. 


The long-term results of the drain of nutrients from land to sea can be un- 
derstood by following attempts to estimate the age of the oceans from 
their saltiness, The oceans may be presumed to have started out as fresh- 
water seas, and to have grown saltier over geologic time as the endless 
washing of rain and rivers brought down salt from the eroding rocks of the 
land. If the process has gone on at a roughly constant rate since the seas 
were first formed, as seems reasonable, then you can calculate an age for 
the oceans by working out the annual tonnage of salt dumped into the sea 
by all the rivers of the world and by dividing this into the total tonnage 
known to be in the sea. The age long ago arrived at by this method, and 
generally accepted by geologists, was 100 million years. There seemed 
No general reason to question this figure until modern methods of 
radiometric dating for ancient rocks were developed, when rocks of the 
Cambrian formation, that is, rocks bearing ancient fossils that were yet 
undoubtedly marine, were found to be not 100, but 500 million years 
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old. The old calculation was out by a factor of five. If the leak rate of salt 
from land to sea had really been constant throughout the span of the fossil 
record, the sea should be five times as salty as it is. Had the leak rate 
changed recently? If not, where is the missing salt? 

This problem recently attracted the attention of an ecologist who also 
had a geological and chemical turn of mind, Daniel Livingstone of Duke 
University. Livingstone had accepted a commission from the United 
States Geological Survey to bring up to date the standard work on the 
chemistry of lakes and rivers, in the course of which undertaking he 
acquired the most complete data yet assembled of the annual discharge 
of the rivers of the world (Livingstone, 1963a). He set himself to recalcu- 
late the age of the oceans on the basis of the latest figures for annual 
sodium input to the sea. And he came up with the same answer as his 
predecessors; 100 million years. Livingstone was sure that his figures for 
the annual input were not far wrong and that they could not be far from 
the average for the last few hundred million years. If such an input of 
sodium had gone on for 500 million years, as the radiometric age for the 
oceans said it must, then there should be five times as much sodium in 
the sea as there was. Where were the other four-fifths of it? Livingstone 
considered the theoretically possible storage places: saline liquids in the 
pore spaces of deep-sea sediments, the mass of sodium held adsorbed to 
the sediments themselves, the mass of sodium held by old sedimentary 
rocks that had once been under the sea but which had been lifted out by 
earth movements: but even the most generous estimates for sodium 
stored in all these places brought him nowhere near the required ton- 
nage. Livingstone’s (1963b) calculations so far were as follows: 


Sodium carried by rivers to the sea during 500 million 


years of post-Cambrian time 119.4 x 10" tons 
Sodium dissolved in world oceans 14.1 x 10% tons 
Sodium in deep-sea sediments 5.1 X10 One 
Sodium in other suboceanic sediments 5.4 x 101% tons 
Sodium in old sedimentary rocks now raised out of 

the oceans 2.6 x 10} tons 
Known reserves of rock salt i _.0.4 x 107 tons 

Total sodium accounted for 27.6 X 10” tons 


Which still leaves nearly three quarters of that 119.4 x 101 tons missing. 
Where was it? Or did it never exist? 

Livingstone argued that the answer to the riddle must lie in some 
process of cycling. The sodium accounted for by his calculations must 
represent nearly the entire pool of sodium available to the oceans, an 
that this pool must be cycled between the oceans and the land. Most 0 
that 119.4 x 10% tons never existed. What reaches the sea each year In 
rivers must be roughly balanced by a comparable amount of sodium 
reaching the land from the sea. But how can soluble sodium get out of the 
sea and back to the headwaters of the world river systems? One obvious 
way is by travel in clouds and descent with rain. Salt spray is continually 
picked up by winds from breaking waves, and salt is carried with the 
winds to the clouds. Rainwater, particularly near coasts always has some 
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The geochemical cycle. Minerals are cycled between the oceans, the land, and the crust of 
the earth. Rivers carry soluble minerals to the sea but wind and rain carry some back and 
most of the rest are probably returned by crustal movements. Minerals in sediments are 
moved across the ocean bottoms by sea-floor spreading from the mid-ocean ridges (right of 
figure) to the continents, Loss to the mantle in the deep ocean trenches may be made good 
by the extrusion of fresh rocks. 


salt in it, and the total mass of salt transported to the land in this way may 
be very large. Livingstone calculated the largest annual mass of sodium 
that could reasonably be expected to be returned to the land in this way, 
and then extrapolated to compute the return over the last 500 million 
years, About half the total sodium delivered to the sea by rivers in this 
time may, in fact, have been returned to the land by rain as follows: 
119.4 x 10° tons 


55.2 X 10" tons 
64.2 X 101° tons 


Sodium carried to the sea in rivers 
Sodium returned by the atmosphere to the land 
Net transfer to the sea ‘ 
Which means that atmospheric cycling, although important, cannot be 
the complete explanation. Livingstone suggested that there might be an 
even larger annual return due to movements of the earth’s crust. 
Sodium enters the sea in rivers, it spends a time there in solution, some 
of it is picked up by wind and returned to the land, but the rest eventually 
becomes concentrated in the interstitial spaces of the sea’s sediments and 
adsorbed to its mud. As coastlines emerge, they raise sodium-rich sedi- 
ments out of the sea, and these sediments become in time the consoli- 
dated rocks of the land from which the sodium is again weathered, 
perhaps to be cycled awhile in an ecosystem, and then sent once more on 
its way to the sea. This cycle may have been completed many times in the 
500 million years that have elapsed since Cambrian time (Figure 14.3). 
There have been two geologic discoveries since Livingstone published 
his conclusions which modify the story somewhat. The first is the discov- 
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ery of sea-floor spreading (Longwell, Flint, and Sanders, 1969). The floors 
of all the major oceans move outward from the mid-ocean ridges and 
toward the continents like giant conveyor belts, finally plunging down- 
ward under the continents into the molten interior of the Earth (Figure 
14.3). Ocean floor cannot be more than about a 100 million years old 
before it suffers this fate; so what of the sodium carried in its sediments? Is 
it lost to the system? And, if so, is its loss made good from new continental 
crust thrust up from below? It is perhaps not yet possible to be sure of the 
answers to these questions, but it seems likely that sodium return to the 
land is not seriously affected by the movements of the sea floor. As the 
floor begins its dive under a continent, its surface is likely to be scraped as 
with a giant bulldozer, so that sediments bearing sodium are piled up at 
the continental edges. Mountain ranges are thrust up along the coasts of 
collision, and these are likely to contain the sodium and other nutrients of 
the old seas. Sea-floor spreading has not altered the thrust of the Living- 
stone hypothesis, merely the method by which old-sea sediments be- 
come incorporated in the rocks of the dry land. 

The second discovery was made by the deep-sea drilling operations 
from the Glomar Challenger of the JOIDES project (Ewing et al., 1968). 
There seem to be under some ocean floors huge dome-shaped deposits of 
sea salt, deposits containing cubic miles of the stuff. They seem to have 
been collected there in the youth of oceans when their waters might have 
been hot and particularly saline, like those of the modern Red Sea, and 
then to have been sealed in by later sediments so they remained isolated 
from the water of the later larger ocean. These deposits could account for 
some missing sodium after all. We do, however, know that much sodium 
is cycled back to the land, because we can find it in sedimentary rocks. 
The likelihood is still that the return form this source and the atmosphere 
is on the order of the loss in rivers. Perhaps the salt domes may be roughly 
equated with the extra supply provided to the land by the weathering of 
igneous rocks. 

What is true for sodium must be true for all other soluble nutrients as 
well. Communities on land do not live only as a result of the mining of a 
finite resource of the earth’s crust, but make use of nutrients that are 
cycled between the earth and the sea with the atmospheric cycle, of 
every 100 million years or so by crustal movements. There are two 
ecological and evolutionary implications of this discovery which may 
have far-reaching importance; that the nutrient supplies of modern lan 
areas are typical of those throughout the long history of life on land, and 
that the concentration of solutes in the sea has been essentially constant 
since at least Cambrian times. The lives of plants and animals throughout 
the last 500 million years have thus been lived in places possessing NU 
trient supplies or salinities essentially the same as those of modern times. 


Phosphorus is perhaps the most ecologically interesting of the nutrients, 
because it is so vital to organisms and yet so scarce. With its peculiar 
capability of forming high energy bonds, phosphorus seems to be impor 
tant to the energy transformations of all living things. The ratio o 


phosphorus to other elements in organisms is generally higher than the 
ratio in rocks, soils, and water, from which organisms must draw their 
supplies. Any leak of this element to the sea must be particularly serious 
to land plants, for whom the replacement rate achieved by crustal folding 
is uninterestingly slow. Man’s hundred years of experience with phos- 
phatic fertilizers is eloquent testimony that shortage of the element may 
commonly limit plant growth more than shortage of any other element. 
The low phosphorus content of the sea, particularly in the warmed upper 
waters where plants live, seems to be the principal reason that the fertility 
of the oceans is so low (Chapter 10). There is nothing we can do about 
this; not even dumping some mega-tonnage of phosphate in the sea (if we 
had it) would help because the problem is partly one of low solubility. 
The oceans deposit phosphate minerals in their sediments even at present 
concentrations. Which is one of the reasons why farming the oceans 
seems more a boondoggle than a reasonable undertaking to ecologists. It 
is, however, possible to test the general idea of what might happen if we 
could fertilize the sea by experimenting with putting phosphate ina low- 
phosphate lake. We have, of course, done this many times without 
meaning to. We call the results ““pollution.’” But it has also been tried sev- 
eral times in a deliberate and controlled way, and the results have 
provided interesting general insights into the phosphorus cycle. 

Crécy Lake is a small deep lake in southern New Brunswick, Canada, 
occupying a ““kettle’”” hole left when a block of glacial ice melted in the 
ground after the retreat of the last continental glacier some 14,000 years 
ago. Like all such lakes it is rather unproductive, because it is deficient in 
nutrients such as phosphorus. M. W. Smith of the Fisheries Research 
Board of Canada used it for a fertilizing experiment in 1941, driving up 
with a truck load of superphosphate and dumping one and a quarter tons 
of it into the lake (Smith, 1948). This was sufficient fertilizer to raise the 
concentration of dissolved phosphorus by 2500 percent. The superphos- 
phate all dissolved, but a few days later the concentration of phosphate in 
the water was only up 67 percent. The water had turned pea green for a 
while, evidence of a massive phytoplankton bloom, but then it returned 
roughly to normal. Three things could have happened to all that phos- 
phate; it could have been held by rooted water plants, it could have been 
absorbed by the mud, or it could have mostly been used by phy- 
toplankters in the tremendous bloom, and then been sent to the bottom in 
their dead bodies to become part of the lake mud. These possibilities 
could be examined by careful measurements of phosphorus in mud and 
plants over a period of time. Quantitative assays of this kind are not easy, 
but the way to their solution was soon available as the development of 
nuclear weapons in the 1940s provided us the by-product of radioactive 
elements. Radiophosphorus has a half-life of 14 days, which means that it 
lasts long enough for us to use a dose of it to trace marked elements 
through the phosphorus cycle of a season. Ey 

One of the first studies with labeled elements was an investigation into 
the phosphorus cycle of a small lake by G. E. Hutchinson (the same who 
first formulated the ideas of energy flow with Lindeman) (Hutchinson and 
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The phosphorus cycle in a lake. Phosphorus enters all lakes continuously in runoff water, 
the inlet streams, and from the air, Phosphorus is also continuously lost to the lake in the 
outlet streams and by incorporation in lake mud. When a lake has anoxic bottom water, as 
when a lake stratifies in summer (see Chapter 18), the top few millimeters of mud are 
chemically reduced, a condition that allows the mud to release phosphorus back to the 
water. The bottom water thus becomes phosphorus-rich. Stirring of the lake by winter storms 
brings the phosphorus-rich water to the surface, completing an annual cycle, and fertilizing 
the lake for a spring plant bloom. 


Bowen, 1950). Hutchinson and a companion rowed out onto Linsley Pond 
in Connecticut with some bottles of radioactive phosphate solution and 
poured them into the lake. In the subsequent days and weeks they 
sampled water, mud, and plants and were able to check the arrival of 
their labeled phosphorus by placing the samples under a radiation 
counter. It quickly went from the water, as did the massive dose of 
superphosphate in Crécy Lake, and as quickly appeared in the plants of 
the phytoplankton. Later it got to the rooted plants of the shallows, and 
then it went to the bottom mud in the falling bodies of the dead plank- 
tonic plants, or adsorbed to fine particles which settled through the lake 
after being brought there in the inlet stream. The deep muds of the lake, 
which in summer were in contact with water that had lost its oxygen 
because of biological activity, were chemically reduced, and they gave 
off ionic phosphate back into solution. The water circulation of the lake 
eventually brought this phosphate back to where plants could use it, thus 
completing the cycle (Figure 14.4). 

Only a very thin layer of mud at the mud/water interface appears to be 
able to release phosphate ions back to the water, even under reducing 
conditions. If sediment-bearing phosphate is deposited very quickly, it is 
obvious that phosphorus could be lost to the system by being perma- 
nently buried. This may have happened to the tonnage dumped into 
Crécy Lake. Similar studies at Schleinsee in Germany by Einsele at about 
the same time (Hutchinson, 1957), but with more modest doses of fertil- 
izer and repeated a second year, suggested this still more convincingly. 
By September of the year following the second dose of fertilizer, the con- 
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centration of dissolved phosphorus in the lake was back to the level of 
before the start of the experiment. Hutchinson concluded from these 
studies that a lake was a self-regulatory system which should return to its 
original steady state when disturbed as by an increment of phosphate 
supply, and he considered this discovery to be “one of the most impor- 
tant in limnology.” It holds cheer for those who wish to restore some of 
our polluted lakes to their original condition, suggesting that if we leave 
them alone for a while they will deal with the excess phosphate (a prin- 
cipal pollutant) by themselves; by burying it in their mud (Chapter 19). 

Plant communities of the land do not deposit sediments as do those of 
lakes, but they do deposit organic matter in the litter layers of the “A’’ 
horizons, which can act as regulators of the phosphorus supply. In addi- 
tion, iron and aluminum minerals of soils strongly adsorb phosphate ions 
so that an equilibrium is established between the concentration of 
phosphate ion in the soil water and that in the soil minerals. Such a 
system can buffer the phosphate supply to the plants, helping to promote 
a steady-state flow of the mineral into and out of the plant community. 
The ease with which phosphates may be taken and held by soil minerals 
isan important check on the possibilities of using phosphatic fertilizers, 
since soil minerals may remove any of the fertilizer not quickly used by 
plants, reducing the availability of phosphorus to that prevailing before 
the fertilizer was applied. 

In the years following the first general realization of the importance of 
phosphorus in the middle of the nineteenth century came the discoveries 
of the guano deposits on some Pacific islands. These were huge mounds, 
island wide and tens of feet thick, of the droppings of seabirds, and they 
were valuable both as sources of nitrates for making explosives and as 
phosphatic fertilizers. The birds ate fish, whose bodies were phosphorus- 
rich, and much phosphate was voided with the birds’ droppings. It was 
obvious that an enormous tonnage of phosphorus had been returned from 
the sea to the land in this way, and that similar, if less spectacular, returns 
of phosphorus were being made on all coastal areas of the world. In addi- 
tion to this return, was the work of human fisheries in carrying large ton- 
Nages of marine fishes far into the continental masses before consuming 
them. It seemed possible that some considerable part of the leak of 
Phosphorus to the sea might be offset in this way, a possibility that G. E. 
Hutchinson (1950) checked by calculating the annual tonnage of world 
fisheries, the annual droppings of seabirds of the world, and the annual 
phosphorus discharge of the world’s rivers. He found that, whereas rivers 
discharged nearly 14 million tons of phosphorus annually, the fisheries 
and seabirds of the world combined could only return 70,000 tons. 
Clearly the leak goes on in spite of the fishermen. Indeed, man’s activities 
have almost certainly made the leak worse because the ploughing of 
Once forested lands removes mechanisms of phosphorus retention in the 
litter and the trees, and at the same time allows erosion of mineral par- 
ticles, which are washed to the sea in turgid rivers, each particle with its 
little load of adsorbed phosphorus. 

Not only have we increased the leaks of phosphates from ecosystems, 
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so that the ecosystems of agriculture are losing phosphates faster than 
they can mine fresh supplies from rocks, but we are also hastening the 
mining process. We make phosphatic fertilizer by mining the richest 
deposits we can find, and we dump this on our land. Most of it ends upin 
the sea, whence it goes, via an algal bloom or two, to the mud of the sea 
floor. We are working out the easily mined phosphate deposits, and must 
soon use lower grade ores (or at least the underdeveloped countries will 
have to if they want some). These, if we can find the energy to mine them, 
should be enough for the forseeable future, after which we must start on 
the sea floor ourselves. The deposits we mine were once marine sedi- 
ments, those that collected under upwellings where the phosphate-rich 
corpses from small patches of productive ocean rained down. They 
would have been used and cycled in the fullness of time by natural 
ecosystems, being used sparingly, and at a rate that would have kept pace 
with their replenishment from the sea by crustal processes. They should 
have lasted a few geologic epochs or forever, We are making them last 
just a few centuries or so; merely so that we can feed an uncomfortable 
crowd of people and go on having large families at the same time. 


Study of the way in which the principal plant nutrients are moved about 
the earth reveals ways in which all elements are moved. The great 
geochemical cycle between oceans and evolving continents not only 
keeps the sea at a roughly constant saltiness but it also moves all the ele- 
ments of the earth’s crust between sea and land. When winds from the 
sea blow back to the land something like a third of the sodium brought 
down by rivers each year, they also blow back other elements brought to 
the sea. There are no dead spaces at the surface of the earth where ele- 
ments may vanish or “be got rid of,’ Things are only moved around; 
sooner or later they will be back. This applies to fertilizers and pollutants 
and radioactive isotopes alike. Everything is cycled. If the element or radi- 
cal is one that has a biological effect, it may be singled out for special 
cycling. Concentrations of biologically important compounds which may 
be achieved in the living parts of ecosystems may be between a 
thousand and a millionfold. When radioactive isotopes are chemically 
similar to stable isotopes, they too may be concentrated and to a like ex- 
tent. Long-lived poisons like DDT also may be concentrated as they are 
cycled within systems and moved from place to place. The surface of the 
earth, the oceans, and the air above them form one grand ecosystem for 


living things, the biosphere. Anything done to one part of it may eventu- 
ally affect any other part. 


An element cycle of special interest is that of nitrogen because nitrogen 
18 both a principal constituent of living things and of the atmosphere. 
The immediate nitrogen reservoir of an ecosystem is held in organic 
molecules or as nitrate and ammonium ions. In these combined forms 
nitrogen is cycled as are other soluble nutrients. Combined nitrogen in 
solution is likewise leaked from the ecosystem in drainage waters and 
this leak may again be massively increased by agriculture, but the ni- 
trogen system is unique in that the leak must be made good from the 
atmosphere. Nitrogen compounds are synthesized from inert nitrogen 
gas by a variety of microorganisms whose synthetic activities are 
responsible for the greater part of the nitrogen made available to life. 
The old agricultural practice of leaving fields without crops for a season 
every few years allowed nitrogen-fixing organisms to replenish the 
supply of combined nitrogen, but the immediate effect of the unceasing 
synthesis of nitrogen compounds by microorganisms should be the ac- 
cumulation of combined nitrogen deposits on the crust of the earth and 
the depletion of the atmosphere. This does not happen because other 
Organisms living in anoxic environments reduce nitrates and release ni- 
trogen gas. The atmosphere of the entire planet is, therefore, main- 
tained by organisms some of which live in rather special places. 
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In the agriculture of the middle ages it was the custom to grow crops on 
the fields for two or three years, and then to leave the land alone for a 
year, a practice called “fallowing.” If, instead, you just went on cropping 
year after year without a break, you soon found that your yields were low. 
The land only gave you a good crop for two or three years, then it seemed 
tired of your extortion, and it struck. But all the encouragement it needed 
to start producing for you again was a year’s rest. If you left the land 
fallow every three or four years, you might expect good crops from it 
indefinitely. Medieval man said you had to “give it a rest sometime,” and 
this simple analogy to the course of human labors let him practice good 
land management. But why should “resting” the land let it get ‘‘better?”’ 
The answer turned out to be that you allowed time for a store of nitrates to 
be built up in the soil. 

Nitrogen in quantity is as necessary to organisms as is phosphorus in 
quantity, although nitrogen, because of its abundance in the atmosphere, 
is not rare at the surface of the earth like phosphorus. Living things need it 
principally for the properties of the amino radical, the NH, on which the 
structures of proteins, and hence of their bodies, are based. As with other 
nutrients, an established community may enjoy a steady-state flow of 
usable nitrogen with an input and output to the terrestrial hoard, But the 
hoard is in the atmosphere, not in the crustal rocks. All ecosystems are 
bathed in a fluid, the air, which is about 80 percent nitrogen. Not in our 
wildest excesses of mismanagement have we found a way of physically 
separating an ecosystem from its nitrogen reservoir. We can and do bull- 
doze rain forests and let their phosphorus reservoirs flow away to the sea, 
but we have not yet found a way of transporting their nitrogen. There is a 
catch, though. Nitrogen is an inert 8as, so inert that it cannot be used in 
the metabolism of most organisms. They must have it in combined form, 
as nitrate or ammonium ions. These ions are cycled in ecosystems like the 
ions of other water-soluble nutrients, like phosphate and potassium. They 
80 from the trees, to the litter, to the soil, to the trees. Farming denudes 
the supply with particular speed, because farmers are hungry for protein- 
rich crops. They cart the nitrates away. They savor them briefly in their 
palates, then dump them in the Privy or, as now, bya hygenic flush, into 
rivers, lakes, and the sea. The ecosystem can make good this loss, 
because there are pathways through which nitrates are synthesized from 
nitrogen gas, but it takes time. Hence the success of leaving the land 
fallow for a year. 

The nitrogen in living bodies is Present in large, energy-rich molecules. 
When the body becomes a corpse, decomposers break down proteins 
and other nitrogenous molecules to release their potential energy for their 
own lives, a process called deamination. When plants are eaten by 


animals, similar energy-yielding chemistry is undertaken, and the end 
products consigned to the local soil 


ammonia. In an oxidizing environ- 
mmonia represents a potential source 


of energy, and a group of bacteria, the nitrifying bacteria have evolved to 
take advantage of it. They oxidize ammonium ions to nitrite and nitrate 
ions. 

Nitrate and nitrite ions are chemically stable. There is no energy to be 
had by tampering with them further. In normal terrestrial ecosystems, ox- 
idizing conditions prevail, and ionic oxides of nitrogen may persist. They 
are a form of nitrogen acceptable to plants, are selected out of the soil 
water by roots, and are cycled within the ecosystem much as are potas- 
sium or phosphate ions. Like phosphates, they are anions, and thus are 
not held by clay minerals. They must be retained by the positive charges 
on soil organic matter, but failing such organic matter or efficient root 
systems must quickly migrate through the soil to the water table. The 
normal fate of these ions is, of course, to enter the sea, but if the 
groundwater flows toward a desert place, nitrates may accumulate there. 
This is apparently what has happened in Chile (Delwiche, 1965). Nitrates 
have traveled in percolating waters from the moist vegetated slopes of the 
High Andes and have collected in the dry, oxidizing, desert environment 
below. The supply was big enough for the Western Powers to make all 
the explosives they needed for the First World War, stern testimony to the 

-nitrate-making power of the Andes ecosystem. This explosive resource, 
like the nitrate or ammonia which made good the leaks from other 
ecosystems, had to be created by making nitrogen of the inert atmo- 
spheric pool combine to form ions usable by plants. 

The direct oxidation reactions of the series 


N,O ——> N.O; —> N2Os 


can be made to occur only with difficulty, and they require energy. Some 
oxides are produced by the tremendous energy released by lightning 
flashes, and these reach the ground in rain. Other oxides are emitted from 
volcanic vents, but probably only in tiny quantities. Neither of these 
sources are likely to produce amounts of nitrate significant to plants ex- 
Cept in large, barren, stormy places like Antarctica where the supply from 
lightning may be important. Instead, organisms have to perform the ox- 
idations for themselves, supplying the energy and a catalyst for the dif- 
ficult series of reactions or finding an alternative chemical route. The 
series of reactions needed to make nitric acid (HNO;) out of water, 
8aseous oxygen, and gaseous nitrogen are more promising, since there is 
a net release of energy involved, and this may be the chosen route of 
some nitrogen-fixing organisms. But whether nitrogen is oxidized to ni- 
trate, with energy being supplied by the oxidation of carbohydrates, or 
whether nitric acid is produced with a liberation of free energy, the 
Production of nitrogenous compounds from molecular nitrogen by orga- 
nisms is the only significant return of nitrogen nutrients to living systems 
from the atmospheric sink. And the curious thing is that of all the array of 
Plants and animals in desperate need of nitrogenous nutrients, only a 
variety of tiny ones can perform the necessary nitrogen fixation. The large 
Ones are absolutely dependent on the activities of such things as nitrogen- 
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fixing bacteria or blue-green algae for their input of fresh nitrogenous nu- 
trients. Why the necessary enzymes have not been developed, or have 
been lost, by all taxa of higher plants is a major mystery of biology for 
which there must someday come some subtle answer from the labora- 
tories of molecular biologists. The best that some plants have been able to 
do is to provide in their roots a good living place for nitrogen-fixing bacte- 
ria, thus concentrating a supply of nitrates in the immediate neigh- 
borhood, The famous root nodules of legumes are the best-known ex- 
ample of this, but nodules of this kind are also possessed by other plants, 
such as alders and the tiny herbaceous rose, Dryas, of the arctic tundra 

(Figure 15.1). The nitrogen-fixing bacteria live in the tissues of these nod- 
ules using some of the plant's store of carbohydrates for their own metab- 
olism but giving a selective advantage to the plant which supports them 
in the nitrates they produce. Such living together is called a symbiosis, 
which means the same thing in Greek. 

When an established plant community, enjoying its steady-state flow of 
nitrogenous nutrients, is cleared and crops grown in its place, there is an 
immediate loss of nutrient to the drainage channels and in the bodies of 
plants taken away. But the reservoir of nitrogen is near at hand in the air 
rather than in rocks that must be slowly eroded. Nitrogenous nutrients 
can be replaced as quickly as the nitrogen-fixing bacteria work, and these 
work whenever there are suitable living places in the cleared land. The 
plant communities of early succession stages apparently serve well 
enough the bacteria’s purpose so that nitrogenous nutrients will begin to 
accumulate in the early successional communities. This is the reason why 
leaving fields fallow lets them get back their fertility. 

Modern Western populations, with their ever-growing demands for 
food, are not so patient as to wait for ecosystems to replenish their own 
nitrates from the air. They do it for them by the Haber process, using 
much fossil-fuel energy and a platinum catalyst to make nitric acid from 
atmospheric nitrogen, then compounding it into fertilizer, and spreading 
iton the land. Fritz Haber invented the process just in time to provide the 
explosives which made the First World War possible for Germany. That 
epic struggle was partly a battle between the Andes ecosystem working 
through the mines of Chile and the fruits of Haber’s genius. 

; The immediate needs of an ecosystem are met when their nitrogen- 
fixing bacteria, or the disciples of Fritz Haber, make good their nitrate 
losses. But how shall the atmosphere’s loss be made good? The eco- 
system robs the air of nitrogen to make nitrates, but it does not leak ni- 
trogen back to the air, it just leaks nitrates. These are stable ions, as the 
mines of Chile and elsewhere demonstrate. Why, then, has all the ni- 
trogen not been taken from the air long ago and dumped somewhere else 
on the earth as a huge deposit of nitrate rock? The answer is that nitrogen 
is released from nitrates by the activities of yet another group of microor- 
ganisms in the profession of doing something with nitrogen, the deni- 
trifying bacteria and other small things which work in the same 
way (Figure 15.2). 


The nitrogen cycle. Nitrogen is cycled through the ecosystem in combined form either as 
oxides or reduced as in ammonia, amino acids and proteins, and the like. There is a con- 
tinuous leak from the system in flowing waters that must be made good by fresh supplies 
from the atmospheric reservoir. Many kinds of microorganisms fix nitrogen, principally by 
reducing it to ammonium compounds, and there may be additional supplies (as oxides of 
nitrogen) in rainwater which have been synthesized in electric storms. Nitrogen is returned 
to the atmospheric reservoir by denitrifying bacteria living in reduced muds of fertile 
waters and bogs. Black arrows are paths of nitrogen synthesis and white arrows are paths 
of nitrogen release from more complex molecules. 


The denitrifiers live in places without oxygen, in estuaries, the bottoms 
of fertile lakes, swamps, and parts of the sea floor, or in wet patches in the 
soil. Their sources of energy are various, but they all face the common 
problem that they must oxidize without oxygen. In the language of chem- 
istry, they need a hydrogen acceptor, and they use nitrate for this pur- 
pose, reducing it first to ammonia and then to the atmospheric gas, which 
eventually bubbles back to the atmosphere. An organism typical of this 
group is the sulfur bacterium, Thiobacillus thioparus, which oxidizes the 
sulfides of reduced mud into sulfates. This reaction releases energy which 
the bacteria use for their life purposes. It is for them what oxidizing a 
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carbohydrate is for an animal. But they need a hydrogen acceptor to 
make it possible, and they take advantage of the nitrates collected in their 
muddy home from the leakage of the world’s ecosystems. And they 
complete the nitrogen cycle. This is no doubt a matter of indifference to 
all foreseeable generations of sulfur bacteria, and other microorganisms 
who work the same trick. But without them the earth’s atmosphere would 
run out both of nitrogen and of the oxygen with which it combines. 


“% 


The ways in which life processes are necessary for the maintenance of 
the air has given rise to speculation that human interference with these 
critical life processes might bring about catastrophe. Study of the 
sulfur cycle reveals that oxygen is being lost from the atmosphere 
incorporated in stable sulfate ions and that this oxygen is only returned 
to the atmosphere by microorganisms living in anaerobic muds of 
swamps and marshes. Our activities in draining swamps may reduce the 
number of sites in which these microorganisms can live. More impor- 
tant still is the fact that much oxygen is apparently returned to the 
atmosphere each year by the photosynthesis of green plants both on 
land and in the seas. The thesis has been put forward that if we kill the 
plants of the oceans with pollutants this will result in a catastrophic 
decline in the oxygen of our air. This thesis mistakenly supposes that a 
major portion of the total photosynthesis of the earth occurs in the 
oceans, whereas, in fact, only a third or a quarter does so, but even if all 
the plants of the earth were killed the effect on the air would be very 
slight because only a fraction of one percent of the total oxygen of the 
atmosphere is turned over annually by living systems. The loss of oxygen 
hypothesis is, therefore, nonsense. More realistic are fears that the con- 
tinued burning of fossil fuels will raise the carbon dioxide of the atmo- 
sphere to dangerous levels. In spite of the carbon dioxide buffer 
provided by the world oceans, about half the carbon dioxide produced 
by the combustion of fossil fuels is now known to stay in the atmo- 
sphere, where it will probably remain for the one or two hundred years 
required for the oceans to be sufficiently mixed to absorb it. The likeli- 
hood is that the carbon dioxide content of our air will be more than 
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doubled by the time we use up our fossil fuel reserves. Various con- 
sequences have been suggested for this alteration of our air. For a 
biologist the main worry must be that we have very little idea of the 
long-term consequences for living things of an atmosphere enriched 
with carbon dioxide. 


Study of the nitrogen cycle reveals how dependent the atmosphere is on 
the activities of microorganisms. Nitrogen is taken from it on a grand 
scale by nitrogen-fixing bacteria, and then is used by ecosystems to make 
nitrates. If the nitrogen in the nitrates was not eventually released by the 
denitrifiers, the nitrogen of the atmosphere should eventually disappear. 
We need nitrogen in the air we breathe. We need oxygen even more. And 
the release of nitrogen from nitrates left the oxygen tied up in other ions, 
principally perhaps sulfate ions. This oxygen must be returned to the air 
somehow, or we should have not oxygen to breathe, but a giant deposit 
of sulfate tucked away somewhere on earth instead. To see the release 
of oxygen from sulfates, it is convenient to follow the sulfur cycle. 

Sulfur is another of the elements apparently needed by all living things 
in fair supply, mainly for its structural role in a number of amino acids. 
Plants acquire it from the soil in the form of sulfate ions, and it is then 
cycled within the ecosystem in the familiar way. There is a leak into the 
drainage waters which, since sulfate is an anion like nitrate, may be par- 
ticularly severe in soils with a low content of organic molecules to 
provide the positive charges that might retain it. And this leak has to be 
made good to maintain a steady state. Making good the leak appears to 
be mainly a mining operation, like that which provides phosphate and 
potassium, although nowadays the skies rain sulfuric acid instead of pure 
water from the effluent of our fossil fuel economy, so few ecosystems are 
likely to be short of sulfur. The sulfur which is mined from rocks by 
weathering, as well as that which is mined from coal mines by miners, is 
probably mostly in the reduced form, sulfide, but this is spontaneously 
oxidized by the free oxygen of the atmosphere. The sulfate leak from any 
ecosystem is thus made good by the oxidized product of weathered 
rocks. 

: But the sulfates that leach away in drainage waters represent part of the 
air’s oxygen supply. The steady leak of nitrates had raised the possibility 
of the earth’s atmosphere ending up as a mound of nitrate rock; the leak 
of sulfates raises the possibility that the oxygen of the air should wind up 
in a pile of sulfate rock instead. This may seem doubly likely, since the 
solution to the nitrate problem was partly provided by microorganisms 
who lived by oxidizing sulfides, which is to say by making more sulfate, 


Denitrifying 
bacteria 


The sulfur cycle. Ecosystems are provided with sulfates, which they cycle, from the oxida- 
tion of the products of weathering. In reduced muds, sulfur is cycled between sulfur bacteria 
which reduce sulfates and others, like some denitrifying bacteria, which oxidize sulfides. 
H,S returned to the atmosphere is spontaneously oxidized and delivered by rain. Sulfides 
incorporated in fossil fuels and sedimentary rocks are eventually oxidized following human 
combustion or crustal movements and weathering. 


and subverting the energy released thereby. But the global ecosystem is 
saved from this dilemma by another group of anaerobic organisms, the 
sulfate-reducing bacteria. These live in all the same sorts of places in 
which the denitrifiers live; the mud of fertile lakes, the mud of estuaries, 
the mud of swamps. They, too, are killed by free oxygen. But they are 
photosynthetic bacteria, deriving their energy from the sun like a green 
plant. They live buried under the algal scum of the mud surface where 
light but not oxygen reaches, or under anoxic waters. There is no free Ox- 
ygen for them to use as an hydrogen acceptor, as do green plants, so they 
use sulfates instead. The final outcomes of their labors are muds that 
smell of sulfurated hydrogen, H.S gas released to the atmosphere, more 
sulphide for denitrifying bacteria to use, and oxygen made mobile for 
living things again (Figure 16.1). 

Without denitrifying and sulfate-reducing organisms, the atmosphere 
would lose its oxygen, for there are no other processes, physical or bio- 
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logical, which reduce nitrates and sulfates at the surface of the earth. Air- 
breathing life is dependent on these two groups of organisms. And these 
organisms are, in turn, dependent on having reducing muds in which to 
live. E. S. Deevey (1970) has recently argued before a congressional com- 
mittee that the conservation of mud is the really important side of the con- 
servation of water. Modern societies drain marshes, fill in estuaries, and 
straighten rivers. Whenever they do so, they reduce the available supply 
of anoxic, smelly, vital, oxygen-giving mud. Deevey suggests that half the 
marshes and estuaries of the primeval United States have already gone, 
and that, in the very long run, we may be endangering our oxygen 
supplies by continuing that process of drainage. At least, the argument 
gives you a reply when you are faced by the boor who can look into the 
misty distance of some lovely sea marsh and say to you, ‘What use is it?”’ 
You can tell him that it provides him with oxygen to breathe. 

We look on reducer organisms of swamps, who so obligingly forestall 
those mountains of nitrate and sulfate, as producers of oxygen. But more 
impressive producers of oxygen, of course, are green plants. We all know 
that animal life is “only possible” because green plants provide the ox- 
ygen which animals breathe to burn their carbohydrates. There is an ox- 
ygen cycle within every ecosystem, with energy being degraded to 
reduce carbon dioxide, and the oxygen released then being used to ox- 
idize the resulting carbohydrates for the benefit of the animals. This is ap- 
parently a nicely balanced business because carbohydrates and other 
organic compounds accumulate on earth only very, very slowly. They do 
accumulate a little, otherwise we should have no petroleum and coal to 
squander, but the entire hoard of fossil fuels represents storage of only a 
tiny annual amount of organic carbon. The annual storage of the moment 
appears to be about four parts in 10,000 of what is being produced by 
photosynthesis (Broecker, 1970). So we conclude that production of ox- 
ygen by photosynthesis is nicely balanced by the oxygen removal of res- 
piration. The oxygen of our atmosphere remains impressively and com- 
fortingly constant at 20.946 percent by volume in dry air (Machta and 
Hughes, 1970), surely reasonable enough when the use and production 
of oxygen are so nicely balanced. But what if something happened to the 
plants, to the producers of oxygen? 

There is a possibility that something might happen to many of the 
plants, just as something is beginning to happen to the homes of those 
other producers of oxygen, the sulfate and nitrate bacteria. We deliber- 
ately spray 2,4-D and 2,4,5-T, wonderfully deadly plant killers, into the 
biosphere with such success that it was recently argued in an lowa court 
of law that 2,4-D should be considered a normal part of the lowa atmo- 
sphere in summer. 2,4-D is already being succeeded by even more 
deadly plant killers such as picloram. Some of these are being carried 
about the world in ships. Supposing one of the ships sinks? Or several of 
these ships sink? Would the result be the destruction of all the plants ina 
large part of the sea? Some large proportion of the total photosynthesis of 
the earth has long been thought to occur in the sea, such that introductory 


The Comparitive Production on Land and Sea 


From data compiled by Whittaker and Likens in Whittaker 1970. 


’ 
textbooks still talk of the oceans being responsible for 70 percent or even 
more of the annual oxygen return. What if a picloram spill, or other 
poisoning, should block the sea’s input of oxygen to the atmosphere? And 
‘if we can imagine blocking the photosynthesis of the oceans in this way, 
_ might we not also pollute the land that photosynthesis stops there also? 
We are already loading the atmosphere with some 3000 novel com- 
pounds at the moment, many of them of unknown long-term biological 
effect, and there are many more to come (Cole, 1971). Perhaps we shall 
finally be clever enough to block the photosynthesis of a whole genera- 
tion of plants. What then? We should, of course, starve to death, but what 
of the atmosphere while we were starving? Might we not anticipate 
starving by succumbing from oxygen deficiency? 

This possibility of catastrophic oxygen loss following catastrophic plant 
death has been much discussed in these years of environmental concern. 
In its simplest form, the hypothesis imagines disaster being brought on 
merely by the destruction of marine plants. Seventy percent of the world’s 
Photosynthesis goes on in the oceans, say the textbooks, so all that is 
required for disaster is destruction of oceanic life. But the oceans are not 
responsible for 70 percent of the earth’s production. The claim for 70 per- 
cent, and the even larger figures still being quoted in some textbooks rests 
on early miscalculations that are being uncritically quoted long after they 
were shown to be in error, The oceans are now known to be unproduc- 
tive deserts (Chapters 10 and 12) which, in spite of their occupying 70 
Percent of the surface of the globe, probably account for no more than 25 

‘or 30 percent of the earth’s production (Table 16.1). It is apparent that 
killing off marine plants cannot block most of the oxygen return, vile and 
calamitous though such an act would be. 

But would the killing of all plants, on land as well as in the sea, 
produce catastrophic changes in the atmosphere as this general thesis 
requires? The hypothesis has always failed to take into account the truly 
immense size of the oxygen reserve in the atmosphere. If only a tiny part 
of a huge reserve is actually cycled each year, then the total volume will 
seem constant despite small fluctuations in the cycles. Furthermore, tam- 
Pering with the cycles, as we are undoubtedly doing, will not make very 
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serious differences in the great mass of the reserve. This, in fact, seems to 
be the truth of the matter, as recent calculations by the geochemist 
Wallace Broeker (1970) show. There are 60,000 moles of oxygen over 
every square meter of the earth’s surface. But photosynthesis of each 
square meter produces only 8 moles in a year; 8 out of a total reserve of 
60,000! Of the 8 moles produced annually, 7 and 9,996/10,000 thou- 
sandths moles are used in respiration, and the remaining 4 ten-thousandths 
are probably used to oxidize things like sulfides in rocks. They give a 
measure of the actual contributions of the organisms of muddy bottoms; 
important over a geologic epoch or two but unlikely to matter in the short 
term of human generations. 

If all photosynthesis were to stop, oxygen would be taken out of the 
atmosphere by respiration and not replaced. But the most oxygen that 
could be removed in this way would be what was required to oxidize all 
the organic carbon available to living things at the surface of the earth. 
Once this was done, the drain on the oxygen hoard must stop. But the 
available organic supply is small, little more than that 8 moles-worth, and 
Broeker calculates that this supply would be gone when only a tiny frac- 
tion of one percent of the atmospheric oxygen was used up. We can 
starve ourselves by killing plants. We can increase the sum total of human 
misery by further voiding plant poisons into the biosphere, and | expect 
we shall. But we are not going to suffocate ourselves by doing so. Nor by 
draining marshes either. There are so many good reasons for not spraying 
2,4-D and picloram, for not draining marshes, for not pumping lead out 
of automobile exhausts, that there is no need to grasp at dramatic but 
erroneous possibilities for catastrophe. | wish those who have been 
responsible for the loss-of-oxygen and other end-of-life-on-earth scares 
would heed the fable of the little boy who cried, ‘‘Wolf.”” 


The atmospheric reservoirs of both oxygen and nitrogen are so immense 
that it is beyond the powers of our folly to inferfere with them. But what of 
carbon dioxide? This vital gas is present in the atmosphere as a minor ele- 
ment, being on the average about 0.03 percent by volume. Here there is 
no great reservoir to smother the effects of our interference. It is regularly 
cycled by photosynthesis and respiration, and we are introducing extra 
carbon dioxide into the contemporary atmosphere by burning fossil fuels. 
What effects are our tamperings having on the atmospheric carbon 
dioxide supply, and what might any such effects mean for our future? To 
answer these questions properly it is necessary to understand carbon 
cycles on three different scales. 

The cycling of carbon within an ecosystem is, over the course of a year, 
remarkably complete. Some tiny quantities are stored as organic matter 
for a while in reducing environments such as bogs and lake bottoms, but 
essentially nearly all the carbon taken from carbon dioxide by plants of 
the ecosystem is respired back to carbon dioxide within the year, gener- 
ally within the same ecosystem. So this living part of the carbon cycle 
should normally itself work to keep the carbon dioxide content of the 


—— 


atmosphere roughly constant. But there is a second carbon cycle that 
should work even more effectively to the same end, the cycle between air 
and sea. Carbon dioxide dissolves readily in water, so that there is an 
equilibrium established between the carbon dioxide of the atmosphere 
and the carbonate-bicarbonate system of the oceans. There are more than 
50 atmospheres-worth of carbon dioxide in solution in the modern 
oceans, a huge reservoir which acts as a giant shock absorber for the 
carbon dioxide content of the atmosphere (Hutchinson, 1948). Enrich the 
atmosphere, and much of the enrichment should be taken up by the 
oceans; remove carbon dioxide from the atmosphere, and the oceans 
should replace most of what you remove. Apparently there is a great res- 
ervoir of carbon dioxide, just as there is of oxygen and nitrogen, but this is 
in the sea rather than the air. Nor is this all; the shock absorber is itself 
shock absorbed, by the carbonates of carbonate rock. 

There are some 40,000 atmospheres-worth of carbon dioxide held in 
the limestones and dolomites of the crust of the earth, and these have all 
been deposited by the sea at some time or other, as the foraminiferal- 
globigerina ooze of the deep sea, as chemical deposits, and in the skele- 
tons of corals and other calcareous structures such as mollusk shells. The 
limestone hoard of the earth is itself cycled over geologic time, as 
weathering erodes carbonates and washes them back to the sea, after 
which they are redeposited as fresh limestone, raised by crustal warping, 
and so on. But those 40,000 atmospheres-worth must have come from 
somewhere, and the most likely source is volcanoes. Carbon dioxide is 
being continuously emitted from volcanic vents, representing a fresh 
supply from deep in the interior of the earth. We assume that this venting, 
continued ever since the formation of the earth, has now amounted to 
40,000 atmospheres of carbon dioxide. But the continual venting has not 
affected contemporary atmospheres much, since the atmosphere has 
always been buffered by the ocean. The ocean, in turn, has buffered itself 
by depositing fresh limestones at a rate proportional to the volcanic emis- 
sions, and the concentrations of carbon dioxide in the ocean-atmosphere 
system have been maintained constant over geologic time (Figure 16.2). 

But there is yet another cycle within the carbon story, that which 
slowly loses some corpses to peats, coal, and oil deposits, and which is 
only now being completed as man burns the ancient bodies. In most con- 
ditions of life, corpses are quickly and completely decomposed, but 
Where they lie in reducing environments, as in bogs or in some ocean 
sites, fragments may escape the decomposers, become further reduced, 
and persist indefinitely as the inert molecules of fossil fuels. Carbon has 
been lost to the free system in this way throughout the duration of life on 
earth, but the rate of loss Must have been small and was no doubt always 
More than made good by the emissions of volcanoes. The total accumula- 
tion of the fossil-fuel store, however, became large in time, finally 
tepresenting several times the total tonnage of carbon in the atmosphere. 
There seems little doubt that we intend to use as much of this fuel as we 
Can get and that we will probably succeed in using all that is accessible in 
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Figure 16.2 The carbon system. There is apparently a steady-state supply of carbon to the biosphere, the 
input being from volcanoes and the sink being carbonate rocks. Within this steady-state 
there are three orders of cycling: a cycle between land and sea, through crustal folding and 
solution of limestones and dolomites, which has a mean time span of geologic epochs; a 
cycle involving reduced organic deposits which is only now being closed by human ac- 
tivity; and the short-term cycles between animals and plants. 


one or two centuries at most. We are thus in the process of adding several 
atmospheres-worth of carbon dioxide to our air. 

Until recently there seemed no reason for believing that the ocean 
shock-absorber and carbonate-sediment systems would not be able to 
cope with a mere few atmospheres-worth of extra carbon dioxide spread 
Over a century or two, and this belief was encouraged by our not being 
able to find evidence that pumping fossil carbon dioxide into the atmo- 
sphere made any detectable difference. We did know that the carbon 
dioxide content fluctuated slightly from 0.03 percent (in the third decimal 
place) from place to place and from season to season, but this should be 
expected as the coming of winter or the pouring of concrete where once 
there was forest altered the local rates of photosynthesis. But since 1958 
very sensitive measurements of carbon dioxide have been made with 
infrared gas analysers kept on top of mountains in Hawaii and in Antarc- 
tica, both places with good atmospheric mixing and far from the seats of 
industry. The analyses (Revelle, 1965) show that the carbon dioxide con- 
tent of the atmosphere is rising fast, and by an amount equal to half the 
discharge from fossil fuels. The ocean shock absorber is thus coping with 
only half the extra. Confirmation for this comes from the work of one of ‘ 
the men who has studied the radiocarbon of the atmosphere, Hans Suess 
(Revelle, 1965). Fossil-fuel carbon has been out of circulation for so long 
that it is radioactively dead, but carbon of the normal atmosphere should 


contain a proportion of radioactive carbon 14 due to the cosmic bom- 
bardment of the earth. If much of the fossil-fuel carbon stays in the atmo- 
sphere the relative amount of radioactive carbon should be reduced. It is; 
and Suess has accurately measured this ‘Suess effect’’ so that he can 
calculate the volume of fossil-fuel carbon remaining in the atmosphere. 
This work agrees with the direct measurements in showing that half 
remains, leading us to ask why the oceanic shock absorber is not working 
as expected. The answer is probably that the ocean itself does not 
circulate fast enough. Only the top few hundred meters of the oceans are 
effectively in contact with the air. In a few centuries, the slow mixing of 
the waters of the sea will work to absorb the exodus of fossil-fuel carbon, 
but by then carbon dioxide will be present in two or three times its 
normal amount, with consequences for life on earth that we find it hard to 
foresee. 

One possible consequence which has been much discussed is that 
global air temperatures should rise, because carbon dioxide in the atmo- 
sphere absorbs infrared radiations from the ground (the greenhouse ef- 
fect). Increasing the amount of carbon dioxide must thus increase the 
heat absorbed by the atmosphere, raising the temperature of the air. It has 
been realized all along that any actual global increase in temperature 
from this cause could only be a few degrees, but a few degrees might well 
be sufficient to trigger major climatic change. The most intriguing sugges- 
tion has been that the extra warmth might melt the Antarctic ice sheets, 
thus raising the world sea level and flooding places like Florida. This has 
seemed an alarming possibility to people living in these places. A 
biologist must take a more balanced view, noting that such events would 
not be catastrophic to the generality of life on earth; he might regret the 
loss of the Everglades, but he would probably offset the loss against the 
drowning of Miami Beach. But tragedy or no, recent calculations suggest 
that there will be no melting of Antarctica because the warming of an 
increased greenhouse effect will be more than offset by cooling resulting 
from our adding of aerosols to the atmosphere. 

The burning of fossil fuels does more than put gases into the atmo- 
sphere; it also emits finely dispersed droplets of liquids which remain in 
the atmosphere for very long periods of time. These act together to form a 
reflecting mirror. They increase the earth’s albedo, reflecting solar energy 
which once passed through the atmosphere to heat the earth. And at the 
same time they are transparent to the infrared radiations emitted from the 
earth, so that they do not join carbon dioxide in increasing the green- 
house effect. The effect of aerosols, therefore, must be to let the earth cool 
until a new steady-state temperature is achieved, one in balance with the 
reduced solar insolation that penetrates an atmosphere laden with 
aerosols. Rasool and Schneider (1971) of the Goddard Space Flight 
Center have made careful calculations of what the net effect of carbon 
dioxide warming and aerosol cooling will be, if our increased use of fossil 
fuels proceeds as expected. They find that the warming through the 
greenhouse effect is small compared with the cooling due to aerosols, 
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and that global temperatures must fall, not rise. It seems likely that a fall in 
mean global temperature of some 3°C may result unless we are able to 
abandon the use of fossil fuels in the foreseeable future. Cooling the earth 
by 3°C is generally considered to be sufficient to trigger the next ice age. 
Rasool and Schneider suggest that an ice age might well be triggered 
within the next 50 years. 

Although the affect of increased carbon dioxide on temperature will be 
unimportant compared with that of the aerosols, it may have serious bio- 
logical consequences. The concentration of an important constituent of 
the atmosphere is to be doubled, and this must have effects. They will 
probably not be catastrophic effects, but they will be there. One we know 
about; we shall increase for a while the productivity of the earth. The rate 
of photosynthesis is commonly limited by the supply of carbon dioxide 
(Chapter 10), so doubling the supply will increase the rate. Possibly the 
school of agricultural thought which defends the use of DDT can 
therefore urge the further pollution of the atmosphere with fossil fuels in 
the same cause of increased production. Such a course would hold out an 
intriguing prospect of famine for the people living in the years when the 
supply of fossil fuels is exhausted, because then the yields of agriculture 
should fall remorselessly, year after year. But it is also likely that raising 
the concentration of carbon dioxide will have other effects which will ac- 
tively interfere with production, offsetting any gain in the rate of pho- 
tosynthesis. The biota and communities of the earth must now be adapted 
to the carbon dioxide concentrations experienced by their ancestors, and 
cannot be so well adapted to a different concentration. What other effects 
on the working of the biosphere might there be? The worry for any in- 
telligent man must be that we do not know what all the effects might be. 
We are embarked on the most colossal ecological experiment of all time; 
doubling the concentration in the atmosphere of an entire planet of one 
of its most important gases; and we really have little idea of what might 
happen. 


The concept of the ecosystem illustrates our general idea of how nature 
works, but we must ask if the concept is also useful as an aid to further 
theoretical understanding or in practical work. Conventional ecosystem 
diagrams show work being done by energy which cascades like falls of 
water, or which is directed down a network of pipes like water through 
plumbing. These hydraulic analogies tend to give misleading impressions 
of real ecosystems because the flow of energy in a community is not 
directed as by a network of pipes, but follows diverse pathways that are 
set by accidents of environment and history. Perhaps the one interesting 
general prediction which has developed from the ecosystem concept is 
that complex communities, those with large numbers of species in them, 
should be more stable than simple communities. This prediction is 
developed from the assumption that ecosystems are directly compara- 
ble to physical systems which can be subjected to mathematical analy- 
sis. The prediction is both plausible and attractive because it seems to 
account for the frequent outbreaks of pests of agricultural crops, 
claiming that these outbreaks represent the instability of the artificially 
simple agricultural ecosystems. It remains to be proved, however, that 
ecosystems do in fact operate like the physical systems with which they 
are compared, and it is also not yet certain that populations in very 
complex tropical ecosystems are, in fact, always more stable than those 
of impoverished northern climes. But if the theoretical fruits of the 
ecosystem concept are meager, its practical value may be very great. 
Natural communities may be assumed to operate as systems and then 
described by the techniques of systems analysis. Such techniques guide 
the collection of useful data and enable the actual functioning of natural 
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communities to be simulated by computer models. Such simulations 
can be used to investigate the effects of changes on the local commu- 
nity and so can become tools for wise management. 


Energy cascades, food and nutrients cycle; such, in short, is the eco- 
system concept. It lets us draw satisfying diagrams to describe the work- 
ings of the real world, diagrams that show the blazing sun as the ultimate 
driving force being intercepted by plants, and the plants doing work with 
this energy to collect nutrients from the mineral soil and gases from the air 
to start the food cycles. But herbivores intercept some of the energy from 
plants, taking their places in the food cycles as they do, and carnivores in- 
tercept part of the energies of herbivores, and so on. Figure 17.1 shows 
one such diagram, taken from a recent review by the British ecologist 
MacFadyen (1962). When you draw a figure of this kind, you have at 
once organized your thoughts and undertaken an analysis of the complex 
system which you must study. Probably all working ecologists have 
sketched their own version of such a diagram on the back of an envelope 
at some time or another, or have at least carried the image of it in their 
brains. Now you can decide which of those little boxes (labeled “her- 
bivores’’ or ‘‘decomposers’’ or something) you want to study, noting that 
you must keep in mind the arrows which tie the chosen one to cycles and 
energy flow. 

So much is now routine in the thinking of any ecologist, the animals and 
plants he studies are parts of natural systems whose workings can be 
roughly sketched. But the ecosystem concept must surely take us further 
than this. We know for instance, something of the scale of activities in our 
various boxes, or at least we do if we express their inmates and their 
doings in units of energy. Energy cascades through our system from trophic 
level to trophic level, and must lose something of its ability to do work at 
each bounce in that vital cascade, just as the second law of thermody- 
namics tells us it does. As the energy flow proceeds, so the flow gets less. 
This concept of the ecosystem degrading energy according to the second 
law of thermodynamics, was included in the celebrated hydraulic anal- 
ogy diagrams of Howard Odum (Figure 17.2). Instead of simple arrows 
joining the boxes, we have pipes of descending thickness to indicate the 
lesser flow of energy at each successive trophic level. All the pipes con- 
verge to a common outlet labeled heat. If the ecosystem was perfectly 
closed, if it had absolute boundaries separating it from all other eco- 
systems, the diameter of the ‘‘heat’’ outlet pipe should be the same as that 
of the “sunlight” inlet pipe, conforming to the other (first) law of thermo- 
dynamics, which says that energy can be transformed but not created or 
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Figure 17.1 


Theoretical energy flow scheme in an isolated ecosystem. In this view of an 


ecosystem the various trophic levels, together with corpses and decomposers, are 
seen as discrete entities which you can draw as boxes. Energy enters by way of the 
plants, then cascades from box to box, being radiated from the system the while. 
Matter circulates as energy cascades. Such a diagram forms a useful conceptual 
device, and one that suggests what a practical man should measure, but it is impor- 
tant to remember that nature does not come packaged in such discrete boxes. The 
animals, plants, and decomposers of real systems often have many and changing 
Toles to play. (Redrawn from MacFadyan, 1962.) 
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Figure 17.2 The hydraulic analogy of Howard Odum. In this analogy the energy cascade is imagined as 


being channeled through pipes whose thickness is proportional to the rates of energy flow. 
Aprism placed at the entrance (or some hydraulic equivalent of a prism) deflects most of the 
sunlight from the community to represent that proportion of incident light not used in pho- 
tosynthesis. From then on the degradation of energy at each trophic level is shown by pipes 
running to the heat outlet. The diagram is an excellent illustration of the ecosystem concept, 
but is poor as a practical tool because energy in real systems is not channeled and 
regimented as if by pipes. (After Odum, 1956.) 


destroyed. In any real biological system, which must be partly open, po- 
tential energy, as some form of organic molecule, will be physically trans- 
ported in and out. The Odum diagram takes account of this by the 
provision of extra inlet and outlet pipes labeled “import’’ and ‘‘export.”” 

The hydraulic analogy can lead to a tempting vista of theoretical possi- 
bilities. We see energy as water bouncing through the ecosystem in a cas- 
cade, losing energy at every bounce; or flowing down pipes whose 
widths are measures of its ability to do work. Can we not express this 
cascading flow in formal mathematical terms and thus derive a thermody- 
namic theory for an ecosystem? There is no doubt that ultimately the rela- 
tionships between beings in an ecosystem should be describable by ther- 
modynamic theory, just as the relationships between molecules in a 
chemical reaction can be described by thermodynamics. But there are 
theoretical, and even conceptual, difficulties in applying this approach to 
ecosystems that have yet to be overcome. The hydraulic analogy itself 
gives a misleading impression of what really happens in an ecosystem. 


Energy is seen as being directed down pipes, but there are no pipes in an 
ecosystem; indeed, there are no channels at all. Work is done as food is 
passed from mouth to mouth, and as animals do work to maintain them- 
selves as organized beings, but there is no physical direction to this doing 
of work, like the direction which a pipe gives to a flow of water. All the 
hydraulic analogy tells us is that some animal habits provide less energy 
to their owners than do other habits. An eater of the meat of herbivores, 
like a tiger hunting buffalos, accepts that much work has already been 
done to prepare its food for it, and that tiger food is limited as a 
consequence to some small calorific fraction of food eaten by buffalo. But 
what fraction of solar energy entering an ecosystem is actually going to be 
available to a tiger as buffalo meat is determined by an as yet un- 
measurably large number of fateful meetings between other animals. Far 
from being directed along pipes through a formal series of Eltonian 
trophic levels, the ability to do work is bounced about a complicated 
food web in the form of food molecules. Organisms take meals at one 
trophic level and then another, like a fox which eats roots, and beetles, and 
berries, and eggs, and mice, and carrion, and even beetles that were 
eating the carrion. If the ability to do work can really be said to flow 
through an ecosystem, it is only as an exceedingly turbid flow, with no 
directing pipes, but with innumerable feedback loops instead. As Slo- 
bodkin (1962) has pointed out, even the second law of thermodynamics 
itself becomes little more than a crude analogy of this process of energy 
degradation. There seems to be as yet no formal theory of thermody- 
namics advanced enough to model the sorts of energetic relationships 
prevalent in a real ecosystem. 

But there is a worse difficulty still, which was pointed out in the discus- 
sion of ecological efficiencies (Chapter 11). It is a mistake to believe that 
animals and plants have all evolved primarily as efficient converters of 
energy. The pressures of natural selection are pressures for survival, and 
survival may sometimes be more concerned with the efficient use of nu- 
trients, ensuring that individuals mate, safe overwintering, or swift growth 
and dispersal than with the efficient use, or even collection, of energy. 
Many choices made by natural selection must compromise food col- 
lecting for the safety of the organism and its progeny, so that food is 
wasted by the herbivores and carnivores of a system, going straight to the 
decomposers by default. And unless some predictive measure of this food 
Wastage can be built into a thermodynamic model, the model should 
have no predictive value and would be useless. But natural selection has 
made the choices that control this wastage through a long history of envi- 
ronmental change and in face of the accidents of invasion by other 
animals. There is no way in which we can allow for, or anticipate, these 
choices in our thermodynamic model. Such models, therefore, are never 
likely to be a realistic possibility. We must be content with attempting 
empirical models instead, models that deal in the calories represented by 
numbers of organisms, and in masses of nutrients, rather than in thermo- 
dynamic theory. 
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Diagrams based on the hydraulic analogy can best be used as a descrip- 
tive device to compare the fates of plant production in different eco- 
systems. This is because plants as a trophic level really are distinct from 
all other trophic levels. Nothing feeds on sunlight except green plants and 
photosynthetic bacteria, and there are only three possible fates for the 
tissues of plants and bacteria; to be stored in sediments, to be eaten, or to 
be decomposed. Only negligible amounts are stored. We can measure 
the productivity of plants by gas exchange, by cropping, or by growth 
increments (Chapter 10), so we can draw a pipe of width proportionate to 
this rate of production. We can also measure the respiration of the plants 
and we can measure incident solar energy and draw appropriate pipes. 
This simple series of pipes (Figure 17.3) represents the things of most 
interest to a practical farmer or range manager; the efficiency and pro- 
ductivity of the vegetation. We have more difficulty relating these indexes 
of the working of vegetation to the productivity of the herbivores, because 
of the practical difficulties of converting standing-crop measurements 
into productivity measurements (Chapter 11), but we can work out the 
mass of vegetation eaten and decomposed each year and superimpose 
these onto our pipe diagram as flows of organic matter expressed as 
energy. In this way we can make charts that describe the main paths of 
energy in systems so that different ecosystems may be compared. 
MacFayden (1962) has developed simple diagrams of this sort (Figure 
17.3). A square block in the middle labeled “stock’’ represents the 
average annual standing crop of plants in the ecosystem. Pipes out of this 
at twelve and two o'clock represent the average annual flow of calories in 
organic matter to herbivores and decomposers. It is important to notice 
that the two scales of the diagram, representing rate of energy flow and 
proportions of average annual standing crops, cannot be derived one 
from another. The relationship between flowing energy in pipes and what 
looks like a reservoir (stock) tank in the drawing is entirely arbitrary. But, 
once this convention is established, the flow diagram can be used to 
show the different fates in the first trophic levels of the variety of 
al for which MacFayden could collect reliable data (Figure 
MacFayden’s diagrams do bring home some of the essential differences 
between diverse ecosystems such as forest, grassland, and marine 
plankton. The extreme difference in standing crop between, say, forest 
and phytoplankton of the open sea, is shown very neatly by the relative 
sizes of “stock” tanks, all drawn to scale. Revelation of such disparity is 
hardly novel, but other revelations of the diagrams are not so obvious 
without them. The similar metabolisms of the various plant communities, 
as shown by the pipes for plant respiration, would perhaps not be so gen- 
erally known. The rate for the algal communities, with their tiny standing 
crops, for instance, is comparable to those of land and sea-grass mats. 
This is taken by MacFadyen to reflect the fact that respiration is a function 


of the surface to volume ratio, and so is relatively high for each tiny 
planktonic plant. 
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Figure 17.3 


MacFadyan’s version of the hydraulic analogy. Note that there are two scales on 
the diagram, that to which the pipes are drawn so that their widths are proportional 
to the rate of flow of energy and that to which the area of the stock tank is drawn. 
For more details see text. (Modified from MacFadyen, 1962.) 


Such dramatic presentation of data can serve its purpose, but it must be 
admitted that use of the hydraulic analogy in such diagrams as these 
serves no better function than illustration. The analogy is useful as a tool 
for teaching and persuasion, as a means of convincing student and 
resource developer alike of the limits that thermodynamics and ef- 
ficiencies place on what can be expected of an ecosystem. But the anal- 
ogy itself does nothing to help our real understanding of ecosystems. As a 
practical tool, it is hampered not only by the inadequacy of thermody- 
namic theory but also by the fact that we cannot monitor the passage of 
energy through an ecosystem. We cannot mark it, and watch it flow, as 
we could if it was really like water. We have not even learned how to 
place volt meters of some kind at what we take to be strategic points, in 
order to monitor the passage of the ability to do work. When we set out to 
trace a real energy path we are always reduced to following food and nu- 
trients through parts of the food cycle first, and then we try to calculate 
the work that must have been done to move those molecules of food and 
Nutrients along. The raw data of any real ecosystem study are thus always 
measures of mass; of parts per million, of grams per square meter, of tons 
Per acre; or of numbers; numbers of young, numbers of dead, numbers of 
shoots. Only when we have burned representative samples in calorime- 
ters, and converted our mass measurements into rates of flow of calories, 
do we invoke our conceptual model of the energy cascade. 
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Hydraulic analogy diagrams to compare plant systems. Conventions are as in Figure 17.3. 
Units are Calories x 10® per hectare. Mean stock is proportional to the area of the central 
square, Such diagrams afford a striking way of Presenting data, of showing such things as 
how similar productivities may be achieved by quite different standing crops under different 
conditions. They also reveal some of the uncertainties in productivity data, since it seems 
doubtful to some ecologists that a spruce forest respires at 20 times the rate of a salt marsh, 


or that consumption exceeds decomposition in a spruce forest as suggested by the diagrams. 
(Redrawn from MacFadyen, 1962.) 


Figure 17.4 


A complex system is one with many parts and many interactions between 
those parts. Such a complex system tends to be maintained even when 
stressed. The impact of outside forces which might change the system is 
dissipated among its many interacting parts, and the system may be said 
to be stable. A simple system of few parts and few interactions must be 
relatively unstable; disturbing forces are not dissipated and the system 
may be easily changed from one state to another. That complex systems 
should be more stable than similar simple systems is susceptible to formal 
mathematical proof using information theory, and may be accepted as 
true. Yet it is worth pondering for it does not at first sight seem to corre- 
spond with everyday experience. We are used to thinking that complex 
gadgetry is inherently likely to go wrong and that for reliability we should 
choose the simple thing. Perhaps the clearest illustration of this is in the 
analogy of the sensitive watch that keeps marvelously accurate time but 
that easily goes wrong, compared with the simple rugged alarm clock that 
seems to resist abuse indefinitely. But with natural systems it is the other 
way around. Complexity in a watch means that all depends on the correct 
function of every part; a complex watch is really a very simple system. 
But complexity in a system means that the functions of every part depend 
on the functions of many parts so that change in any one of them has a 
minimum effect on the working of the rest. 

But the ecosystem concept requires that the parts of natural communi- 
ties function together as systems. If they really do so, then the workings of 
complex communities should be more stable than the workings of simple 
communities. Now stability in a community means that the numbers of 
individual living things be roughly constant from year to year without 
being given to sudden changes, outbreaks, or plagues. A complex com- 
munity has many species of animals and plants living in it. A simple com- 
munity has few, so we may think that a simple community of few species 
would be much more liable to things such as plagues and outbreaks than 
a complex community. A first test of the hypothesis that complex commu- 
nities represent complex ecosystems with high stability is thus the experi- 
mental replacement of complex communities with simple ones. This 
experiment has been carried out for us many times by farmers who 
replace the complex communities of natural vegetation with crops. And 
farming is notoriously prone to the attacks of pests, to outbreaks or irrup- 
tions of herbivorous insects or weeds. This experience suggests rather 
strongly to ecologists that the hypothesis is sound, that complex commu- 
nities with many species work as complex ecosystems, and that these 
ecosystems are more stable than simple ecosystems of few species. 

The parts of ecosystems that do the interacting are the species of 
animals and plants and they interact by being eaten or eating each other. 
Suppose that a community has only one or two kinds of predator and very 
few kinds of herbivores on which they can feed, as commonly occurs in 
the Arctic. If one of the herbivores, a prey species, becomes rare for some 
reason, perhaps due to disease or some catastrophe of weather, its 
predator may be hard pressed to find sufficient alternative food to support 
its own population. Conversely, if one kind of prey becomes very 
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numerous, the predators may be faced with a glut which they cannot 
handle. The instability of the simple ecosystem of which these animals 
were a part would show up as wild fluctuations in numbers of predators 
and prey. And it is the common experience of ecologists that numbers do 
fluctuate wildly in the Arctic. But if the community is complex, if there 
are many kinds of alternative prey with many kinds of alternative 
predator, the dilemmas of food shortage or glut may not arise. Ecologists 
note that they have fewer reports of fluctuating numbers in tropical 
regions where communities are much richer in species, and are inclined 
to attribute this in large part to the fact that there are more species in the 
tropics and that these more numerous species combine together to form 
more complex, and hence more stable, ecosystems. The matter is not so 
clear-cut as it might seem, however, because other things like stable 
climate or lack of changing seasons might be responsible for the apparent 
stability of tropical numbers and the recorded fluctuations in the Arctic. 
Also the observations might result merely from there being less ecologists 
in the tropics. These various possibilities are considered in Part 3 of this 
book. 

The information-theory approach which led to a formal proof that true 
complex systems are stable was developed by Shannon and Weaver 
(1963). MacArthur (1955) has adapted this approach to see if ecosystems 
functioning in the way we imagine, essentially by eating and being eaten, 
should indeed conform to the general model. A stable ecosystem would 
be one in which some abnormal abundance in one kind of animal had 
little effect on the numbers of all the others. An unstable system would be 
one in which an abnormal abundance of one species produced repercus- 
sions and fluctuations throughout the system. Stating this hypothesis in 
more quantitative terms, we might say that a system in which one species 
of predator fed on just one species of prey would have zero stability, and 
that a system with many predators sharing among themselves many 
species of prey had great stability. 

There appeared to MacArthur to be two ways in which increasing the 
number of species in a food web could increase stability; by increasing 
the number of links in the system, which is to say increasing the lengths of 
the food chains, or by increasing the number of choices at each level, 
which is to say increasing the number of animals at each trophic level. 
MacArthur was able to show that the two systems had equal stability (see 
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Figure 17.5) in which the halves and quarters denote the proportions of the 
available energy transfer along each pathway. The stability function is 


=—Y Pi log Pi 
where 


S is the stability of the system 
Pi are the numbers in the diagrams. 


For the diagram at the right 
S =—4 (1/4 log 1/4) = log 4. 


MacArthur’s information theory brings us to the point where we can 
say that, if predators and prey interact in the ways in which we have every 
reason for believing that they do, then the ecosystem with more species 
will be more stable. But it remains only an hypothesis that real simple 
systems, existing in real environments which do fluctuate, owe their 
apparent instability to their paucity of numbers and not to some other 
cause. No one has yet found a way of testing in the field the hypothesis 
that observed instability is, in fact, due to ecosystem simplicity. And the 
state of our ecological art leaves us in a worse position even than this. 
We have not yet been able to show beyond reasonable doubt that 
complex natural systems are, in fact, more stable than simple ones, 
although we may believe very strongly that they are. We may show, as 
indeed we have, that the simple system of the Arctic is unstable. But we 
have nothing like such convincing evidence that the more complex 
ecosystems of the tropics do not suffer comparable population fluctua- 
tions because our knowledge of numbers in the tropics is so meager. 
What might mouse numbers be doing in the Amazonian forests? A recent 
suggestive review appearing in Science (Smith, 1970) by a man then liv- 
ing in Panama who noted that he had seen as many irruptions in his four 
years in Panama as he had seen in many past years spent in the Arctic. 
This, of course, might mean no more than that the parts of the ecosystems 
in which Panama rodents and other irruptive forms live are just as simple 
as Arctic ecosystems, even though other parts of the system, those in- 
volving insects and birds, for instance, are more complex and more 
stable. Recent study of forest insects in Malaysia (Chapter 29) do suggest 
Sreat stability for this complex ecosystem. 

It is worth again pointing out that we as yet have no formal proof that 
complex natural ecosystems are, indeed, more stable than simple ones 
because of that very complexity, as E. P. Odum (1966) has recently cau- 
tioned. But the circumstantial evidence that they are seems strong enough 
to convince many ecologists (including Odum). The mechanism which 
we postulate to bring about this increased stability, the increasing interac- 
tions between predator and prey, has been proved by MacArthur's work 
to be mathematically sound. The only reasonable working hypothesis is 
thus to expect complexity of an ecosystem to lead to stability. This 
conclusion is of profound significance as a guide to man’s exploitation of 
nature. 
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The parts of the earth in which men practice most of their agriculture 
were formerly occupied by such complex ecosystems as deciduous 
forest, the tropical forests of deltas, and prairies, ecosystems even small 
patches of which had species lists running into hundreds or thousands. 
Man replaces these with monoculture. Instead of, say, a beech-maple 
forest of 130 plant species (Chapter 5) he plants with corn, with one 
species of plant, although in practice two or three others which he calls 
weeds manage to survive in spite of him. Any cornfield also supports a 
number of invertebrates, and a few birds and mammals, but this repre- 
sents an ecosystem of a few dozen species at most where once there were 
hundreds. To an ecologist, this is replacing stability with instability. A rise 
of the number of one species by some accident is thus likely to cause 
repercussions throughout the system, with dramatic fluctuations in the 
numbers of others to be expected. A plague of any one of the few animals 
left may have such effects on the numbers of the others that the crop is 
destroyed. This is a process far from unknown to farmers, who try to meet 
it with poisons, thus further reducing the stability and making another 
outbreak more likely. But the planting of the crop itself represents an ab- 
normal increase in the numbers of one of the species of the ecosystem, 
which must be expected to promote the damaging fluctuations in the 
numbers of the animals of the place. It is easy to see why pest outbreaks 
occur. 

Ecologists hope for agriculture of more diversity, of more complex 
ecosystems, albeit artificial, which should achieve moderate stability. 
Such agriculture may be argued for in economic terms, in that pest 
outbreaks are much less likely, thus saving the cost of prevention or of 
their ravages. Monoculture on too grand a scale invites disaster, and we 
now react to these disasters when they occur with mass poisoning of the 
land. Such mass poisoning leads to other disasters, like the deadly ac- 
cumulation of DDT and mercury through food chains. These disasters, 
costly both to the quality of life and to individual budgets, are the indirect 
consequences of farming such simple ecosystems that catastrophic insta- 
bilities are invited. An ecologist, in requesting a more diversified land- 
scape, one of many crops and of many shelter-belt woods and 
hedgerows, feels that he is arguing not only for what is aesthetically 
desirable but also for something that makes long-term economic sense. 
ey ae stable ecosystems in which pest outbreaks are naturally 
unlikely. 


We should be able to study a system by systems-analysis, an ecosystem no 
less than a weapons system or an industrial plant. When we think of any- 
thing as part of a system, we think of its effects on other parts of that 
system, and the return effects of the other parts of the system on it; which 
is to say that we think in terms of relationships. And these relationships 
are dependent on the states of the things in the system, whether they are 
hot or cold, many or few, active or sleeping, hungry or satiated. Further 
more, the states, and hence the relationships, change with time. Finally, 


Figure 17.6 


the system occupies space, which is to say that it has a boundary, 
although the boundary may be a permeable one so that the system is af- 
fected by the state of things that cross its boundary. Calling the things of a 
system which occupy part of its space for a period of time “elements,” 
Schultz (1969) proposes the diagramatic model in Figure 17.6 for an 
ecosystem. The boundary is drawn with a dotted line to indicate that 
there is exchange of elements with neighboring ecosystems. 

The elements of any real ecosystem are very numerous, being all the 
different kinds of animals and plants that live there as well as all the dif- 
ferent kinds of inanimate things, such as water and nitrate ions. Each of 
them may have many states, providing for many relationships. The rela- 
tionships may further change as the elements are moved from place to 
place within the ecosystem space. Every change of relationship and every 
change of state will affect the state of every element of the system. The 
whole presents a pattern of frightening complexity, a thing whose inordi- 
nate detail cannot be comprehended at once and together by a human 
mind. But two developments allow us the ambition of dissecting such 
complex systems, of understanding how they work, and of predicting 
what might happen in different circumstances (putting it bluntly, if we 
muck around with them). We may identify processes, or subsystems, that 
may be particularly important for our purpose, discarding from our model 
relationships that are obviously of lesser importance. And we may then 
call on the prodigious memories of modern digital computers to keep 
track of a vast number of changing states as we simulate in seconds the 
Passing relationships of years. 

To make a computer simulation of an ecosystem, you must begin by 
deciding what aspect of the system really interests you. Usually this is a 
simple task. Your work is going to be so very expensive that you will not 
get the money to follow a process that is not obviously interesting. Gener- 
ally the object will also have the peculiarly fetching advantage of promis- 
ing to save somebody money. It will concern yield of food, or timber, or 
minerals. With your objective settled, you must then make a map of what 
you already know about the important relationships in the ecosystem. 
Usually you know much already about what is important, about the prin- 
cipal predators, or mineral deficiencies, or disasters which regularly ef- 
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Figure 17.7 
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Flowchart for salmon simulation study. For details see text. (Data of Royce et al., 1963, from 
Watt, 1968.) 


fect your yield, so that this first step is a simple one to take. What you do 
not know, and what you hope to simulate, is the detailed interactions of 
all these main elements and relationships, one upon another. 

Figure 17.7 is the starting map, or flow chart, of one of the first suc- 


<q 


cessful and useful computer models of part of an ecosystem, that of the 
Pacific Salmon fisheries by Royce et al. (1963) of the University of Wash- 
ington. They first divided their problem up into areas fished which, of 


. course, also represented populations of fish. The numbers of fish in each 


area would depend on the numbers that had come in from the ocean, the 
numbers which had gone somewhere else, the numbers which had been 
taken out by fishermen and, of course, on the numbers which had 
perished in sundry minor ways. Fishing experience suggested that the 
only really important cause of death on the fishing grounds was, in fact, 
fishing, so the minor causes of death could be overlooked for the first 
simplified model. But the kind of fishing gear used did make a big dif- 


ference, and was thus a major element in the ecosystem. Then there was 


that final vital state, the rate at which young salmon returned to the ocean 
reservoirs from their spawning grounds. These main relationships, known 
from the start to be of key importance, are shown in the flow chart. Along 
each pathway so shown is a pool of fish, a fishing device of various ef- 
ficiency, and an annual catch of fish. The investigators wanted to know 
what would happen to each catch if fishing was continued at its present 
level, if the methods were changed, or if the effort was increased. 
Designing a computer model let them do so without possibly disastrous 
large-scale experiment. They wrote computer programs for each one of 
the sets of relationships shown by each of the arrows in their flow chart. 
In each program the computer could be set to repetitively add effects, of 
more fish coming in, of more fish being caught, of more fish swimming 
on, digesting great tables of fish-landing statistics in the process. Then all 
programs could be integrated to show the effects of every one set of rela- 
tionships on every other. The work showed that only a 50 percent 
increase in fishing effort would destroy the fishery entirely, so the cost of 
running the computers was decidedly less than would have been the cost 
of launching more gear and taking away livelihoods from fishermen. 

There are two specially interesting things about computer simulation 
studies. The first is that the pseudoalgebraic languages used, like FOR- 
TRAN, quite fortuitously, allow you to mimic biological processes very 
closely (Watt 1968). They allow you to add effects, over and over again. 
This is just how the running of a real ecosystem goes. There is an effect, 
say A eats B; there is now less of B than before, but an A again eats a B; 
but meanwhile a B has been adding to a B population by eating some- 
thing else, which will add to some other element of the system. The com- 
puter languages allow you to describe very large numbers of steps and 
parallel relationships of this sort. You run a continuous inventory of your 
ecosystem. The languages are good at running inventories; itis what they 
were designed to do. 

The second noteworthy thing is that computers are hungry for data. To 
write programs you must have representative numbers of everything, 
taken everywhere with the same methods and with the same reliability. 
The “mindless-machine-modeling-the-ecosystem’”’ sounds as if it might 
drive the real earth and water out of a biologist’s life. But the reverse is 
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true. Any biologist who knows the country in which he works could 
nowadays settle down to draw a flow chart for the communities he knows 
best, almost certainly being able to include all the relationships that can 
finally be proved to be decisive for the normal functioning of the system. 
But he would know as he drew the chart that he could not hazard even a 
reasonable guess of how many of each element there were marking the 
states of key relationships. How many beetles are there over there in Feb- 
ruary? You would have to go and find out things like this before you could 
write your computer program. This means designing appropriate sam- 
pling techniques, then knuckling down to doing the work. The old litera- 
ture of the plant sociologists, particularly those of the Uppsala School, 
was replete with papers on sampling technique, of how to make random 
samples and when you can safely “stratify” your random samples, and so 
on. The same old terms and the same old problems now bother the 
systems analysts, only they need much more data. A recent paper on the 
organization of an ecosystem study, quite a simple one of grasslands, 
suggests that you need to set out with an organization of 100 men, 30 of 
them with the Ph.D. degree (Coupland, 1969). 

The biological community is just now (1971) beginning to organize the 
teams needed to collect the data for describing whole ecosystems. This is 
the task that is being organized under the International Biological Pro- 
gram. And it is surely high time that we did. We do not yet have enough 
data on any ecosystem on earth as large as say a small pond to make a 
realistic computer simulation. The best we have yet done is to study parts 
of a few ecosystems which have especial resource value, like that of the 
Pacific salmon which involved only four species of fish. And yet this is the 
epoch in which the most complicated and interesting systems are being 
removed from the earth by our own deliberate act. We consciously are 
setting out to destroy the last wild and complex natural systems to make 
the land yield to agriculture, an endeavor driven by the belief that only in 
this way can we solve the problem of hungry people. But this solution can 
be no more than a fleeting thing, a meeting of the appetites of perhaps 
two or three generations of expanding populations at the most. Then we 
must “solve” the problem of hungry people in the way that it should have 
been “‘solved’’ all along, by checking the growth of population. Mean- 
while, and for such a fleeting reward, the last stable, complex, beautiful 
ecosystems of the world will have gone. Some of the things that will have 
gone with those ecosystems may be unknown and incalculable. And the 
more interesting of the systems will not even have been described before 
they were swept away. 

| find men of my own university going to advise the Brazilian govern- 
ment on the soils of the Amazon basin, so that they can bulldoze the 
wonderful forest, then plough it up. We do not even have a species list for 
the trees of the forest. One day some surviving race of truly enlightened 
men might want to try and rebuild a rain forest for the delight of their 
descendants. But we shall not even have left them a description which in- 
telligent men could use to reconstruct one in their mind’s eye, or even in 


practice if enough plant species survive somewhere to give them raw 
materials. They will only be able to wonder at the glimpses which travel- 
ers’ accounts give them of the glories which once were, as a modern his- 
torian must long for the great library at Alexandria, destroyed when Julius 
Caesar set fire to a fleet. We should be doing better to describe the Brazil- 
ian rain forest than in helping its contemporary custodians to cut it down. 
It would be expensive to build a team of biologists to do so. Perhaps it 
would cost as much as one of the moon shots. 
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Lakes are particularly useful subjects for ecological study because they 
house communities that are unusually well defined in space, and whose 
fortunes are strongly influenced by fairly easily understood physical 
events. Study of lakes is also useful because it leads to an understanding 
of one of the more obvious kinds of pollution. Since the sun shines on a 
lake from above, the surface water both becomes heated so that an 
upper warm layer, the epilimnion, comes to float over a bottom layer 
of cold water, the hypolimnion, and becomes the place where the 
plant life of the lake is concentrated. In lakes of low productivity (oligo- 
trophic lakes) this floating of warm water over cold has few dramatic 
consequences, but if a lake is very fertile (a eutrophic lake) the concen- 
tration of plant life in the warm surface waters may be so great as to 
form an effective canopy leaving the bottom waters in darkness. The 
cold, dark bottom water is then both cut off from the oxygen of the air 
above and denied the oxygen resource that would have been provided 
by photosynthesizing plants. A rain of corpses comes down from the life 
zone above. They decompose, and this decomposition uses up the ox- 
ygen reserve. The bottom waters of fertile lakes in summer thus become 
anoxic. Another special quality of lakes as units for study is that they 
age; the basin progressively fills with sediment until the lake is eventu- 
ally extinguished. There must, therefore, always be progressive changes 
in the conditions for life throughout the existence of a water-filled 
basin. Early students of this physical ageing process in lakes were 
mistakenly led to believe that the process was partly controlled by the 
life of the water, that a lake ecosystem evolved from youth to old age by 
some inner dynamic of its own. This view, although now known to be in 
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error, has been partly responsible for a widespread misapprehension of 
the present day which likens polluting a lake with fertilizer to the natu- 
ral ageing of a lake. The false suggestion is often made that polluted 
lakes are dying lakes. In fact, the unpleasant syndrome of excess fertility 
caused by dumping sewage or phosphates into lakes is easily reversed. 
Lakes bury excess fertilizer in their mud and will spontaneously come 
clean when the source of pollutant is diverted. The way in which the 
conditions for life in a lake are dominated by physical processes acting 
from outside makes lakes particularly suitable to ecosystem studies by 
systems analysis. 


Students of communities and ecosystems alike face the difficulty of inde- 
terminate boundaries. No community lives in isolation from neighboring 
communities, and no conceived ecosystem smaller than the biosphere 
can be modeled as if closed. But these difficulties of measurement and 
conception may be least to the student of lakes, because a lake is 
bounded by a rather definite edge. It is true that the fortunes and history of 
a lake are much effected, and even controlled, by events in its drainage 
basin, by erosion and the life of the banks, and by the air above, but for 
some purposes lakes can be more easily studied in isolation than can 
other areas on the earth’s surface of similar size. Limnology (Greek 
Limnos, a lake), therefore, has sometimes had special contributions to 
make to ecological thought. Lakes also have the advantage to the student 
of having lives of definite spans. They start as hollows filled with water 
which will gradually be displaced with sediment that fills the basin. All 
lakes must be young once, must grow older, and must finally be extin- 
guished. Furthermore, this history of infilling is recorded in the mud of an- 
cient basins and may be reconstructed from drill cores. And on top of this 
long history of infilling is a seasonal history, perhaps more definite and 
clear-cut than the seasonal history of other places because of the dam- 
pening effect of a large mass of water. This seasonal history affords 
special opportunities for study and measurement. 

During the warm part of the year, a temperate lake is warmed from 
above by the sun. The surface layers of water are, of course, warmed 
more quickly than the deep water; but warm water is less dense than cold 
water and thus stays on top in the path of the sun’s rays to become 
warmer still. A temperate lake thus acquires in summer a layer of warm 
water, the epilimnion (Greek for “over lake”) over a layer of cold water, 
the hypolimnion (Greek for “under lake’’). Separating the two is a fairly 
thin layer across which there is a sharp temperature gradient, the ther- 
mocline (Figure 18.1). Such a system of warm water over cold water is 
physically stable and will persist unless considerable force is applied to 
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Temperature (°C) Temperature (°C) 
(B) (C) 
Temperature stratification of a lake of temperate latitudes in summer. Figure A is a diagram- Figure 18.1 


matic cross section of a stratified lake. A warm epilimnion floats over the cold water of the 
hypolimnion below, and the two are separated by a layer, the thermocline, of rapid temper- 
ature change. Figure B is temperature profile of the very deep Senneca Lake in Wisconsin as 
it appears in August, drawn to the same scale as Figure A. The practical effect of such stra- 
tification is to isolate completely the bottom water from the air until cooling and the winds 
of the fall effect a mixing of the lake once more. In the following spring there will be a time 
when the lake water has a temperature of 4°C at all depths, as in Figure C. (Data for Senneca 
Lake from Birge and Juday in Ruttner, 1963.) 


overturn it. The necessary force usually only comes from the winds of au- 
tumn gales, when the surface of the lake is already cooling so that a good 
blow can overturn the lake, completely mixing the waters of epilimnion 
and hypolimnion. There is thus an annual cycle in temperate lakes, in 
which the top and bottom waters are completely separated from each 
other for part of the year. 

Ifa lake is highly productive, thermal stratification has some interesting 
consequences for the bottom water. Photosynthesis thrives in the top 
water near the light, thus keeping the epilimnion well supplied with ox- 
ygen. But in the darker waters of the deep hypolimnion there may be al- 
Most no photosynthesis, and thus no oxygen produced. The animals for 
whom the deep water is home must still respire, however, and the oxygen 
store of the hypolimnion must begin to be used up. The resulting oxygen 
deficit will be made worse by the continual action of decomposers, for 
the life of the lighted surface will be continually dropping debris and 
corpses into the hypolimnion, and these will be attacked by bacteria as 
they rain down. Bacterial respiration can quickly reduce the oxygen dis- 
solved in the deep water to virtually zero, and there is no way of 
replacing the lost oxygen until the autumn overturn mixes the lake once 
More. Reducing conditions prevail in the hypolimnion of a fertile lake all 
summer (Figure 18.2). A thin layer of bottom mud is also reduced, and is 
then able to give off adsorbed nutrients to solution in the water, particu- 
larly phosphorus which is less soluble when oxidized. At the end of the 
summer, therefore, the hypolimnion tends to be nutrient rich, although 
Nearly lifeless because devoid of oxygen. At the fall overturn the stored 
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Light and oxygen profiles of a stratified fertile (eutrophic) lake in summer. (A) Section 
through the lake showing that light has been almost completely absorbed by the plankton of 
the top few meters so that too little light penetrates to the thermocline and beyond to support 
photosynthesis. But there is a rain of corpses into the deep water, whose decomposition 
requires oxygen. Since the deep water is cut off from the air until fall overturn, there 
develops an oxygen deficit in the deep water, and the bottom mud is reduced. An oxygen 
profile typical for such a lake is given in (B). 


nutrients are distributed throughout the lake to be available for the spring 
plankton bloom. 

If a lake is poorly supplied with nutrients, and so is not fertile, there 
may not be a thick bloom of phytoplankton near the surface. Light may 
continue to penetrate to deep water so that photosynthesis can occur 
below the thermocline, providing the hypolimnion with a continual input 
of oxygen. The low fertility of the upper layers also means that there is a 
relatively slight rain of debris into the deep water so that bacterial respira- 
tion is slow. In such a lake there may never be a deficit of oxygen in the 
hypolimnion, and the bottom mud remains oxidized all summer long 
(Figure 18.3). There is much less return of nutrient, particularly phos- 
phorus, from oxidized mud and there is thus a tendency for the lake to 
remain infertile. 

A high-fertility lake or, in the Greek terminology invented by the 
German limnologist August Thienemann, a eutrophic (good nursing) lake, 
is thus more prone to aquire an oxygen deficit in the deep water during 
summer than a low-fertility or oligotrophic (few nursing) lake. It is easier 
to measure the oxygen content of lake water than it is to measure its fertil- 
ity. In practice, therefore, oxygen measurements are often used as in- 
dicators of the lake's fertility, and eutrophy comes to be inferred from the 
fact that there is an oxygen deficit in the deep water. But fertility is not the 
only parameter that can effect the oxygen tension in the depths. There is a 
lake-size effect that can be superimposed on the fertility effect to control 
the concentration of oxygen in the hypolimnion. If a lake is shallow, the 
bottom water of the hypolimnion is of small volume and thus cannot con- 
tain much oxygen. A shallow lake, therefore, does not have to be so fer- 
tile as a deep lake to acquire reduced bottom water and anoxic mud. But 
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Light and oxygen profiles of a stratified infertile (oligotrophic) lake in summer. An infertile 
lake may stratify in summer, with consequent isolation of the bottom water from the air, but 
there is so little plankton floating in the top water that light penetrates deep into the lake, 
permitting photosynthesis and oxygen generation even in the hypolimnion. Also there is less 
oxygen demand in the deep water, since there is less detritus coming from above to be 
decomposed. (A) is a cross section of such a lake; (B) is an hypothetical oxygen profile. 


all lakes get shallower as they age, because they fill in. Their epilimnions 
remain at about the same volume throughout their lives, but their 
hypolimnions steadily shrink as their bottoms are raised steadily upward 
toward the thermocline. It is possible, therefore, for an oligotrophic lake 
to acquire a deep-water oxygen deficit simply by growing old (Figure 
18.4). This does not mean that the lake has the other qualities of eu- 
trophy, although it may also be true that fertility is aquired with age as nu- 
trients accumulate. Weathering continually introduces nutrients to a lake, 
and cycling by the lake’s biota may then conserve them, allowing some 
increase in the total available. So there are some indications that all lakes 
take on more of the qualities of eutrophic, fertile lakes as they grow old. 
This has led to two different lines of thought in the studies of lakes. In 
recent years the mass pollution of lakes with fertilizers has come to be 
likened to their growing fertile through old age. We talk of artificial aging. 
And it has led a school of theoretical ecologists to ponder the possibilities 
of an ecosystem aging as the result of some dynamic of its own. 


Linsley Pond (Figure 18.5) near Yale University in Connecticut is a small 
deep kettle lake, one of the many left behind by the continental glaciers. 
It now has all the characteristics of a fertile eutrophic lake, possessing in 
summer a hypolimnion from which nearly all the oxygen is removed and 
a bottom of organic mud which is chemically reduced. In the late 1930s, 
E. S. Deevey of Yale drilled through the mud of Linsley Pond from an 
anchored rowboat, with a simple peat-borer fitted with extensible rods. 
He got through 43 feet of mud, a thickness which represents the infill of 
the entire history of the lake since the glacier left it as a melting block of 
ice. His pollen analysis of this mud (Deevey, 1939) from top to bottom 
revealed a history of plant formations ranging from something close to 
tundra at the bottom through various intermediate vegetations to the 


Figure 18.3 


THE HERESY OF LAKE 
AS_A SELF-DEVELOPING 
MICROCOSM 


252 


ANIMALS AND PLANTS AS 
PARTS OF NATURAL 
SYSTEMS 


Figure 18.4 


(A) Youth (B) Old age 


The effect of aging on an infertile lake. The young lake at the left (A) is infertile (oligo- 
trophic), retaining oxygen in its deep water all summer. The drawing at right (B) is the same 
lake when infilling of the basin is far advanced. The thermocline is in the same place, and 
the epilimnion is scarcely altered. But the hypolimnion isa vestige of its former size, The ox- 
ygen reserve of the reduced hypolimnion may be too small to support as much decomposi- 
tion as before, and the bottom becomes anoxic. As defined by the oxygen content of the 
bottom water, the oligotrophic lake has become eutrophic by aging. 


Figure 18.5 


Linsley Pond. Linsley Pond is a kettle lake, occupying the hole left when a block of glacial 
Ht Alte ina till deposit. It started life as an oligotrophic lake. Now, in its middle age, it is 
trophic, 
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Pollen diagram from Linsley Pond, Connecticut. Pollen is shown as percent forest tree 
pollen. The last column on the right is of pollen other than trees as percent total tree pollen. 
The history spans from an early date when the young basin was still collecting largely 
inorganic sediment (dotted on the monolith at the left) until the date of the boring. In early 
days spruce trees grew near the site. Scattered pine trees, which produce vast amounts of 
pollen, accounted for the large pine pollen input. Later studies have shown that samples 
from the very bottom of New England lakes contain pollen of vegetation almost devoid of 
trees, The coniferous forest that surrounded Linsley Pond in its early days later gave way to 
deciduous forest that has been subjected to minor changes right up to the present day. 


deciduous forest which the pioneer New Englanders knew. This pollen 
diagram (Figure 18.6) confirmed that the mud core recorded most of the 
history of the lake since tundra times closely followed the retreating ice. 
The lake ecosystem had endured all the climatic changes associated with 


this dramatic history. 
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Hutchinson and Wollak (1940) performed a number of chemical anal- 
yses on the mud from Deevey’s boring, in particular analyses that 
recorded the proportions of various fractions of organic matter present in 
the mud. The earliest lake mud had little organic matter, suggesting that 
the lake had not been very fertile then. It seemed that eutrophic Linsley 
Pond had started life as an oligotrophic lake; that it had evolved from a 
state of low fertility to one of high fertility. If this was a true finding, the 
early Linsley Pond must have had free oxygen in the hypolimnion all 
summer, which should have affected the kinds of mud-burrowing an- 
imals found there. Deevey (1962) found the evidence that confirmed this 
change. He extracted from the mud tiny fossil fragments of midge larvae. 
In the early lake the fragments belonged to species which are known to 
require a rich oxygen environment, but they were later replaced by the 
species now living in the lake, which can stand the oxygen deficit of the 
summer months. 

That a lake should change from infertile to fertile while the surrounding 
vegetation changed from near-tundra to hardwood forest need not be 
surprising, since it could be no more than a temperature effect. But, in 
fact, the fertility changes were completed early in the lake’s history, at a 
rate that suggested no correlation with climatic change. Nor had fertility 
changes anything to do with shrinking of the hypolimnion in the classic 
manner, because they had apparently been completed before the midge 
larval population changed from one species to the other. The lake had 
become fertile early on but had so large a hypolimnion that there was no 
oxygen deficit until much later when the lake floor had been raised closer 
to the thermocline. Since the environment and physical shape of the lake 
had apparently nothing to do with the animal production of organic 
matter, the way was clear for the several investigators to entertain a 
tantalizing possibility; that the increase in productivity of the early lake 
was a result of the activities of the plants and animals alone; that the 
ecosystem had developed from one of low productivity to one of high 
productivity by the action of living things. This view was encouraged by 
the fact that the curve showing the increase of organic matter in the sedi- 
ment from nothing to the high value prevailing throughout most of the 
lake’s history was “S’’-shaped (Figure 18.7). The productivity of the lake 
had apparently grown as a population of organisms grows; slowly at first, 
but then faster and faster, until it began to tail off toward the steady state 
of a population in balance. The communities of the lake were acting 
together to grow together like a superorganism. It was Clements’ idea all 
over again. This time it was not just the formation which grew, ‘As an 
organism,” but all the biota, and thus the whole ecosystem. And, in its 
new guise, the superorganism grew not just to limits set by some vaguely 
defined entity like climate, but to the limits of productivity; that is, to 
limits set by energy conversion. From this dawning idea of energy con- 
trolling the growth of the living parts of an ecosystem, developed at Yale, 
by Hutchinson, Deevey, and their students, there grew the many thoughts 
about the restrictions of energy on life which have characterized much of 
ecological thought for the last 30 years. Lindemann (1942) was soon to 
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Sigmoid growth in Linsley Pond. The accumulation of organic matter in Linsley 
Pond was once compared to a sigmoid growth curve of an animal population. A 
good estimate of the organic content of sediments is given by weighing a dried 
sample, burning it, and then reweighing. The percent loss on ignition that can then 
be calculated is a useful measure of the organic content. The increase of organic 
matter in the early sediments of Linsley Pond was sigmoid, imitating the shape of a 
population growth curve. This allowed speculations that the whole lake ecosystem 
somehow grew to productive maturity like a population. Later work showed that 
the sigmoid pattern merely reflected decreased erosion in the drainage basin which 
lessened the input of inorganic sediment to the lake. 


work with Hutchinson and to reexplain Hutchinson’s ideas on the control 
of ecosystems and communities by energy flow as part of his famous 
Paper on trophic dynamics (Chapter 11, for Clements’ ideas see chapter 6). 

It was another Hutchinson and Deevey student, Daniel Livingstone 
(1957) (he of the sodium cycle), who finally pointed out the errors of in- 
terpretation of the Linsley Pond record which invalidated the conclusions 
of superorganismic growth. Livingstone made new borings of Linsley 
Pond, using the piston sampler which he designed himself and which 
now carries his name. Unlike Deevey’s peat-borer, the Livingstone 
sampler raised an undisturbed core with all the fine structure of the sedi- 
ment preserved. Fate decreed that there should be fine banding all 
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through the thickness of deposit in which the S-shaped “growth” of 
organic matter occurred, and that the bands could be used in a crude way 
to record the passing of years. It was possible to calculate the organic 
content of the mud as mass deposited per year instead of just as mass per 
unit sediment, and when this was done the S-shaped curve disappeared. 
It was clear that there was, in fact, very little increase in the productivity 
of the lake during the period remarked on by Hutchinson and Deevey. All 
that had happened was that early on the organic matter had been diluted 
by silt and clay washed into the lake from outside and that this had 
decreased with time. This was reasonable enough when you reflect that 
the barren tundra country round about was being gradually covered with 
richer vegatation which should control erosion in the lake's drainage 
basin. The changing input of silt and clay could also be used to explain 
other chemical changes noted by Hutchinson in the early lake, through 
such mechanisms as the swift burial of nutrients. There was no doubt that 
no superorganismic quality of the biota had been involved in changing 
the early lake deposits. All was due to changes in the physical condition 
of the ecosystem. No reparceling of energy was involved; merely an un- 
muddying of the water. 

Livingstone’s conclusions were accepted at Yale, as elsewhere, and it is 
now generally conceded that lake ecosystems do not grow like orga- 
nisms, Clements’ idea had had a second birth, but also a second death, 
and most ecologists have stopped trying to see a deterministic growth in 
the systems that they study. But the matter is reviewed more fully in 
Chapter 40 of this book. 


Modern industrial societies let much refuse run into lakes, an action 
which produces a syndrome of effects that we call “pollution.” These ef- 
fects are considered to be unwelcome. The word “‘pollution’’ itself is a 
simple statement of our dislike of the process, because it comes from the 
latin verb pollutere, meaning to make dirty, or perhaps even more liter- 
ally ‘‘to make unwashed.” And yet, if we set aside actual poisons like 
DDT or mercury, what we have done to a polluted lake is essentially 
what a worthy farmer does to his fields. We run into lakes a mixture of 
sewage and chemical fertilizer, either from our cities or from croplands. 

The immediate effect of this fertilizer in the water is, as its name 
implies, to promote life. Putting either sewage or chemical fertilizer on 
farmland makes the crops grow, and putting them into water makes 
things grow there, too. Popular literature talks of making lakes die by put- 
ting sewage into them. The reverse is really true. A polluted lake is com- 
monly crawling with life. That is what is wrong with it. Massive blooms of 
algae are generated by the fertilizer, but such massive blooms are ap- 
parently so rare in nature that herbivore communities able to handle them 
have not been evolved. The algae, not being eaten, must die; their 
corpses are cast up on shore, decompose where they float, or sink to the 
bottom to rot. The fertilizer had produced life; the life had produced 
corpses; and the corpses rotted. Which is why polluted waters stink. 

But the idea of a polluted lake dying has a firm hold on the public 


Dead alewives in Lake Michigan. The probable cause of this mass death was oxygen 
deficiency due to excessive respiration in the lake. 


imagination. Popular magazines carry articles with titles like “Who Killed 
Lake Erie?’”’ Lake Erie is not dead, nor is it polluted beyond reclaim. But it 
is now very productive where it was once not so productive. Parts of 
the lake, particularly the large shallow embayments of the west end, 
become thermally stratified in summer, the rain of corpses from the algal 
bloom above causes an excess of decomposition in the hypolimnion, 
and the bottom waters become anoxic. Trout and other bottom living 
game fish then suffocate. Even the fish of the upper waters of a pol- 
luted lake may die from lack of oxygen also, in spite of the fact that the 
water teams with plant life. The great algal mats produce much oxygen by 
day in the course of photosynthesis, but at night they can only respire. If 
bacteria are also working over the algal corpses floating in the surface 
waters, and perhaps sewage and garbage as well, then all this respiration 
combined can make the epilimnion anoxic as well as the hypolimnion. If 
this happens for only a short while in warm weather, it is enough to kill 
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nearly all the fish in the lake, surface fish as well as deep-water fish. Piles 
of alewives on the shores of Lake Michigan are one of the fruits of this 
process (Figure 18.8). There is then calamitous and visible death in the 
lake, But this is not the same thing as saying that the lake itself has died. 

It is the change from oligotrophy to eutrophy, simulating as it does the 
natural aging of a lake, which gives rise to the idea that polluted lakes are 
dying or actually dead. A lake naturally becomes eutrophic in its old age 
for the reasons cited earlier in this chapter; because nutrients accumulate 
from runoff, because plants of the shallows hoard nutrients, and because 
the volume of the lake shrinks until the hypolimnion becomes so small 
that an oxygen deficit in summer is inevitable. And old age cannot be 
reversed. A lake almost extinguished by having its basin filled with sedi- 
ment is dying, for all that it becomes more fertile at the last. But it is not 
reasonable to argue from this that a lake made fertile with an influx of fer- 
tilizer is dying also. 

If we had dumped enough solid waste into Erie as to nearly fill up the 
hole it occupies, then the comparison would be valid. But we haven't. 
We have merely made its waters fertile, creating an oxygen deficit in 
summer. The resulting productive state of its water, including the as- 
sociated deaths of fishes we value, will continue as long as the water 
remains fertile. But the water will not remain fertile unless we keep on ad- 
ding more pollutants. For this form of eutrophy, called in ugly jargon 
“cultural eutrophy,” is reversible, unlike true aging. 

A sizable portion of the corpses and detritus which rain through the 
water of a fertile (eutrophic) lake is not decomposed at all but is incorpo- 
rated into the sediment as organic mud (the gyttja of the limnologist). 
Included in this mud is much of the fertilizer which promoted the life 
which preceded the corpses. Only the mud of the top few millimeters can 
yield its nutrients back to the water, which means that adsorbed nutrient 
which is buried more deeply is lost to the lake system forever. Lakes are 
thus self-cleaning. If you stop dumping sewage, fertilizers, and garbage 
into any polluted lake, its waters will become clean again, by themselves, 
without any benefits of technology, in a very few years. 

The cheerful conclusion that lakes can clean themselves of excess fer- 
tilizers does not need to rest only on theoretical considerations and pilot 
experiments, because there have already been large-scale demon- 
strations that it is true. The most striking of them has been the successful 
campaign to clean up Lake Washington in Seattle, Lake Washington is a 
large lake, but in 1963 the surrounding suburban communities were 
pouring 75,600 cubic meters (about 19 million gallons) of sewage 
effluent into it everyday. The lake showed the typical symptoms of being 
polluted: there were algal blooms, the bottom waters were anoxic in 
summer, analysis showed the water to be massively enriched with 
phosphates and nitrates, and it stank. Local citizens responded by seeing 
that sewage was diverted elsewhere (a task easier for Seattle than some 
places because of the local geography), and 99 percent of the daily input 
had been diverted in the six years prior to 1969 (Edmondson, 1970). The 
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The cleaning of Lake Washington. These were crucial measure- 
ments on the waters of Lake Washington over the period of its 
recovery from cultural eutrophy. At the left are measurements of 
phosphate and chlorophyll in the water before the massive pollu- 
tion, fortunately recorded in 1933. Between 1965 and 1969 most 
of the sewage discharge into the lake was diverted. The phos- 
phate content of the water plunged, presumably as the phosphate 
originally in the polluted lake was buried in the mud. The decline 
of chlorophyll records the decline of the algae. The record clearly 
indictes phosphate as the primary pollutant, for the lake lost the 
symptoms of pollution while nitrates and other potential fertiliz- 
ers remained in large amount. (From Edmondson, 1970.) 


effect was all that had been hoped. The smell went away; the algal 
nuisance came no more; the water became more transparent; and, most 
conclusive of all, the phosphorous concentration fell drastically to near 
levels that had been recorded in 1933 before the days of Seattle’s growth 
(Figure 18.9). What can be done for one lake can be done for others. 
Lake Erie, perhaps the most notorious of the polluted lakes, has the extra 
benefit of having a river flowing through it, which will help to flush the 
pollutants out ta sea. If we stopped dumping sewage and garbage into 
Erie, we could expect it to come clean in a few years. 

On the outline so far presented limnologists are in wide agreement. 
Sewage and garbage enrich lakes with nutrients, which then promote 
excess plant life with the familiar unpleasant consequences. But the nu- 
trients that do the mischief are quickly buried in the lake mud so that the 
disagreeable symptoms will only remain as long as you keep topping up 
with sewage and garbage. But there is not such complete general 
agreement about which particular nutrients are the culprits. Probably all 
agree that phosphorus can often be the villain in chief, and for many lakes 
you can demonstrate its importance. Edmonson’s study of Lake Washing- 
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ton (Figure 18.9) provides very striking evidence that phosphorus was 
the controlling nutrient in that lake, for instance. The correlation between 
phosphate in the water during winter and chlorophyll present during 
summer blooms over the years in which the sewage effluents were 
diverted is dramatic. There was no correlation between chlorophyll and 
the other nutrients measured. It is also noteworthy that phosphate disap- 
peared from the water much faster than other nutrients, which seems rea- 
sonable because of its liability to be adsorbed to various minerals which 
might be deposited in the sediments. So, for Lake Washington we can 
safely suggest that the history of pollution and subsequent cleaning 
recorded the concentration of phosphorus in the lake waters. But the 
chemistry of sewage and garbage is complex, and aquatic life needs more 
than phosphorus. Sometimes some other mineral nutrient may be in most 
critical supply; potassium, perhaps, or nitrates, or even gallium. At other 
times it might be dissolved carbon, or vitamins. This allows a very real 
possibility that it may sometimes be a pollutant other than phosphate 
which is the prime cause of trouble with the local lake, a possibility 
which is being actively canvassed by the detergent industry in its defense. 
It is true that there might be far more dangerous things than benign 
phosphorus, sought by all organisms and so easily disposed of in lake 
mud. We should be careful about phosphate substitutes in detergents. But 
the case that other pollutants may commonly be the main cause of excess 
fertility is weak. The possibility may be put in perspective by comparing 
the fertilizers of lakes with the fertilizers used by agriculture. There are 
fields in nature which may be in critical need of some other element in 
preference to phosphate, but we have not heard cries from the agricul- 
tural industry that phosphatic fertilizers do not work as a consequence. 
Phosphatic fertilizers generally work on lakes, too, and must usually be 
the prime cause of excess fertility. 


The state of a lake changes with the seasons in easily measurable ways, 
for temperature and oxygen profiles tell you much about the state. And 
the range of states possible are also set by easily measured things, by the 
shapes of basins and the history of infilling. In the regulation of productiv- 
ity in a lake there turns out to be a large inanimate control, the rate of 
input of dissolved nutrients and the rate of burial in the lake mud. Far 
from evolving along a predestined path, as the early studies on Linsley 
Pond seemed to suggest, lakes as systems can be seen to react promptly 
and directly to physical changes in the drainage basin. More, perhaps, 
than other patches of the earth’s surface they can be examined as 
systems; discretely bounded, with biota that respond quickly to changes 
in the physical state, susceptible to manipulation and measurement. 
Computer simulations of lake systems may thus come to show the way to 
more ambitious analyses of parts of the land surface. 


Ecologists are able to reach a special understanding of some of the 
causes of pollution, but it is also true that there are aspects of pollution 
about which an ecologist has no more expertise than anyone else. A 
study of air pollution shows this. Although we pollute the air with many 
novel chemical compounds, and these compounds then undergo further 
chemical changes through the influence of sunlight, the effect on the 
atmosphere as a whole is negligible. Nor can interference with biologi- 
cal processes have more than a negligible effect on the air. Air pollution 
only becomes serious when pollutants are concentrated under inver- 
sions. Undoing the damage of air pollution is more a subject for engi- 
neers and meteorologists than it is for ecologists. About the pollution of 
water an ecologist has more to say because the changes that annoy us 
are changes in living systems resulting from the pollution. The immedi- 
ate counsel of ecologists on this matter is cheerful, being that natural 
waters will cleanse themselves as soon as we stop adding more pollu- 
tants. This, at once, raises the central practical problem of pollution 
control. What are we to do with the pollutants if we are to stop 
discharging them at random into our environment? Ecologists give what 
must be the only realistic long-term solution when they say “recycle,” 
but recycling may involve immense economic costs, which communities 
may not be able to bear in the immediate future. Such relatively trivial 
nuisances as stinking lakes might be preferable to seeing part of one’s 
community living in poverty. What concerns an ecologist most are not 
temporary troubles, like the pollution of lakes and the air which we now 
witness, but the permanent forms of damage that can never be made 
good. These are the great extinctions of plants and animals that we are 
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witnessing, and will witness even more in the decades to come. Long- 
lived pesticides, and, perhaps, weed killers, may well eliminate animals 
and plants far from the site of application; perhaps particularly in the 
deep oceans. Reserves and game refuges cannot remain as populations 
expand, for first the dangerous animals are killed and then the land is 
taken over for irrigation and agriculture. Conservation movements 
based on charity are powerless against the demands of needy people for 
land. The only thing that can halt this process of permanent elimination 
of the earth’s riches is the early imposition of a limit to the size of the 
human population. 


There are aspects of the pollution and conservation debates on which 
ecologists have professional knowledge and may claim a special right to 
be heard. The pollution of lakes with fertilizers is one of them, for this is a 
process that disrupts the working of a natural system. Ecology is very 
much concerned with such a process, can report on it, and can advise on 
courses of action from the bastion of professional experience. But there 
are other forms of pollution on which an ecologist has no more expertise 
than anyone else. The no-deposit-no-return bottles which litter our road- 
sides are fairly called a form of pollution, but they have little effect on the 
ecosystems into which they are discharged. An ecologist’s dislike of them 
is no more important than the equal dislike of any other civilized man. 
There are also many extreme decisions of development which modern 
societies take which, although they disrupt natural communities, may still 
be such that an ecologist’s view is no better than another's. The decision 
to put houses on the last open space in a great city is one of them; the nat- 
ural community will be destroyed, but the decision over whether it shall 
be destroyed or no is an aesthetic one and not based on fine points of nat- 
ural balance. It is important at the outset of any discussion of pollution 
and the use to which we put the earth to separate problems which an 
ecologist can tackle with professional skills from those for which he is just 
another concerned citizen. Bottles by the roadside are nothing to do with 
ecology, unless you think of them as traps for water in which mosquitos 
may breed. 


The volume of the atmosphere is essentially fixed, the concentrations of 
its gases buffered on a geological time scale by geochemical and biologi- 
cal processes (Chapters 15 and 16). Only the carbon dioxide and water 
vapor concentrations seem to have fluctuated to any measurable degree 
before the advent of modern technology, carbon dioxide with the seasons 
or the emissions of volcanoes, although only slightly, and water vapor 
with wide amplitudes. But the development of a society based on the 


energy of fossil fuels has resulted in the sudden addition to the atmo- 
sphere of many novel compounds, the combustion products of those 
fuels. They are carbon dioxide in sufficient amount to override the ocean 
buffering system, the real significance of which we find hard to estimate 
(Chapter 16); carbon monoxide (a very toxic gas); nitrogen oxides; 
sulfur dioxide (which becomes spontaneously oxidized to sulfuric 
acid); and a great range of hydrocarbons, of varying inertness or malig- 
nancy. The whole constitutes an atmospheric soup of remarkable and in- 
completely probed variety. And this dilute chemistry is suspended in a 
transparent fluid medium flooded with the energy of sunlight. Complex 
chemical reactions proceed, particularly based on nitric oxide and 
various of the hydrocarbons, to produce fresh ingredients for the atmo- 
spheric soup, some of them very unwelcome. This process is called pho- 
tochemical air pollution. Notable among its products are nitrogen 
dioxide, ozone, formaldehyde, and peroxyacy! nitrates (familiar enough 
to have been given the cognomen PAN, a term recurrent in the jargon of 
pollution engineers), all of which injure plants. Formaldehyde and PAN 
make eyes smart, being the most noxious ingredients of the infamous Los 
Angeles smog. 

The output of the raw materials of this photochemistry by a modern 
technical society can be prodigious. Leighton (1966) estimates that a 
standard American car cruising at 60 miles an hour emits 3 liters of ni- 
trogen oxides each minute. Oxides of nitrogen become a nuisance when 
they are in concentrations of about 0.05 ppm (0.05 x 10~), which means 
that 60 million liters (60 X 10%) of air are required to dilute the pollutants 
produced by the car every minute. This volume of air would meet the 
breathing requirements of between 5 and 10 million people for that same 
minute. The annual output of cars by American industry is said to be 
about 8 million. Fortunately they are not all driven at 60 miles an hour all 
the time, but they are driven quite enough to matter. Power stations, fac- 
tories, and home furnaces all add their contributions, too. 

But the atmosphere, like a lake, is a self-cleaning system. Some of its 
contaminants, like the sulfuric acid that derives from the sulfurous 
fumes of coal-burning power stations, are soluble in water and last only 
until the next rainstorm. Others are eventually formed into solid particles 
which may serve as nuclei for water droplets, and hence may be carried 
to the ground. Eventually all must be returned to the earth’s surface, prob- 
ably into its waters (where they may not be particularly welcome), and 
probably over time spans measured in weeks rather than in years. And 
the volume of the atmosphere is so large that the mean concentration of 
the worst contaminants at any one time is likely to be uninterestingly low. 
So why should this pollution of the atmosphere produce adverse effects 
on living things? It does so because atmospheric mixing is often pre- 
vented so that pollutants are concentrated in small volumes of air that 
cling close to the ground. 

Typically there is a temperature lapse with altitude, but it is sometimes 
possible to have cold air flowing under a layer of warm air. This may 
happen, for instance, in a hollow between mountains when cold air, 
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Results of air pollution in the Copper Basin of Tennessee. An inversion commonly overlies 
the valley, the product of cold air running down the mountainsides into the basin. A smelter 
discharged fumes containing sulfur and arsenic into the valley for 50 years. All plants died 
and erosion completed the devastation. 


being dense, flows down the mountainsides and collects in the hollow, or 
it may be the result of more widespread movements of air masses. When 
ithappens a stable system is established with warm air floating over cold 
air, something analogous to the condition ofa stratified lake in which the 
warm epilimnion floats on the cold hypolimnion. The boundary layer, 
which in a lake is called the thermocline, is called by weathermen an in- 
version layer. Much energy is needed to overturn an inversion, energy 
such as the arrival of a front or other source of strong winds, so that the in- 
version may persist for days or even weeks. If an inversion settles over a 
city, the people of that city are in a plight analogous to that of a trout ina 
polluted lake. The people are trapped in their bottom air, with no way of 
replacing it. The filth from their chimneys and exhausts then collects 
around them, the energy flux of sunlight promotes chemical reactions 
among the concentrated pollutants, and you have the results for which 
Los Angeles is so well-known. 

The most spectacularly unpleasant results of voiding pollutants into in- 
versions come from the records of the mining industry, and the most 
spectacular of these is, perhaps, the story of the copper basin, near Duck- 
town in Tennessee (Leighton, 1954). The basin collects cold air from the 
mountain slopes with which it is ringed, and a copper smelter got rid of 


all the sulfur and arsenic in ore by voiding it into the air under the inver- 
sion as gas. Fifty years or so of this killed all the vegetation in the valley, 
which is still a dead place (Figure 19.1). 

All these examples of chronic air pollution are purely local phenom- 
ena, due to voiding noxious gases in places of restricted circulation of 
the air. Now that the cause is known, the cure is generally straightforward, 
if expensive. Technology can devise stacks and combustion processes 
which do not void chemicals (other than carbon dioxide) into the atmo- 
sphere, and it is possible to consult meteorologists about the likelihood of 
local inversions before building plants or expanding cities. On all these 
matters an ecologist has no special competence. The skills at systems 
analysis which some of them possess are no better than similar skills pos- 
sessed by engineers and meteorologists. And the purely ecological thesis 
that replenishment of the atmosphere with oxygen is a delicate biological 
process which can be upset to produce a sudden disruption of the air has 
been demonstrated to be false (Chapter 16). 

The useful observations that an ecologist can make about this compari- 
tively minor, local, and “fixable’’ problem of air pollution are those con- 
cerning the impact of human numbers and energy costs which are dis- 
cussed in a later section. 


Common water pollution is caused by fertilizing lakes with sewage and 
agricultural runoff. The cure is simply to divert the flow of pollutants, 
when the lakes will slowly clean themselves (Chapter 18). But there is a 
second form of water pollution, pollution by toxic chemicals, and these 
must seem more menacing than the simple nutrients of sewage and gar- 
bage: DDT, 2,4,D, mercury, arsenic, the sulfurous effluents of paper 
mills, acid mine wastes; many such things pollute by poisoning. They 
may do so when present only in trace amounts, either directly, as when 
DDT kills a lake’s insects or even phytoplankton, or because they are 
concentrated in food chains (Chapter 9), either killing the top carnivores 
or making their flesh unfit for human consumption. There seems some- 
thing particularly forbidding about a trace constituent doing such dam- 
age, because how are you to remove trace poisons froma lake? In fact, 
there is good reason to believe that natural waters will rid themselves of 
trace poisons in the same way that they rid themselves of excess nu- 
trients; by burying them in the mud. 

The poisons which kill in small amounts owe much of their persistence 
to their very deadliness. Organisms find them hard to handle with safety, 
for they may damage excretory systems no less than other systems. A 
common device of all organisms is thus to store some of the dangerous 
material in more-or-less inactive parts of their systems, as when DDT is 
stored in fat. This phenomenon is what makes possible the dangerous 
concentrations through food chains. But it also provides a way in which 
lakes may rid themselves of the contaminating poisons, for the stores 
which animals and plants have built up in their tissues must often fall to 
the mud with their corpses. Mineral poisons such as mercury and arsenic 
must often be adsorbed to falling mineral particles as well, and this may 


265 
ANIMALS AND PLANTS AS 
PARTS OF NATURAL 
SYSTEMS 


AN ECOLOGIST’S VIEW 
OF WATER POLLUTION 


266 

ANIMALS AND PLANTS AS 
PARTS OF NATURAL 
SYSTEMS 


also happen to some of the organic poisons, further consigning them to 
the mud. And it now appears that bacterial flocs may likewise adsorb 
such things as insecticides and carry them to the bottom. 

Some bacteria of fertile waters form flocs, granular particles made of 
polymers that the bacteria synthesize outside their bodies. We do not 
know what is the critical selective advantage of this activity to the bacte- 
ria, although it is possible to suggest that the flocs give them physical pro- 
tection, are excretory products, or serve to concentrate nutrients in their 
neighborhood. But the flocs are electrically charged and may adsorb a 
variety of nutrients or other molecules. Recently, microbiologists at The 
Ohio State University have shown that the pesticide aldrin attaches itself 
to these flocs, and is carried with them to the bottom mud (Leshniowsky 
etal, 1970). Probably many other dissolved substances find their way to 
the mud on bacterial flocs. 

Once held at the surface of the bottom mud, the contaminants are not 
yet safely disposed of, however. They may be reintroduced into the lake 
system, either by resolution or when bottom mud is eaten by detritus 
feeders. This latter process is likely to be particularly effective, because 
many organisms make their livings by working over the corpses and de- 
tritus which forms the mud; larvae of insects such as midges, gastrotrichs, 
worms, crustaceans, and so on. These animals then form the basis of new 
food chains which carry the contaminants abroad in the cosystem once 
again. We have practical evidence that this can be so in studies with 
labeled DDT in a marsh near Lake Erie (Peterle, 1969). But both solution 
and scavenging do not appear to penetrate the mud very deeply, so that it 
is only the top few millimeters of mud which can return pollutants to the 
ecosystem. If mud collects quickly, poisons can be buried out of reach, 
just as excess fertilizer is buried. Polluting a lake with fertilizer may thus 
help clean it of poisons, since the fertilizer both promotes the growth of 
bacteria which form flocs and causes a rapid rain of corpses which swiftly 
become deeply buried. 

The message of the limnologists about water pollution is thus that all 
you need to do is to stop polluting and the lakes and streams will come 
clean by themselves. This is a counsel of cheer and hope to set against 
some of the counsels of ecological despair. But, unfortunately, it is not the 
end of what an ecologist can say about these pollutants. For, if you do not 
put sewage, toxic wastes, and garbage into lakes and streams, you must 
do something else with them. What should this be? For most garbage an 
ecologist has a ready answer, ‘Put it back where it came from or use it 
again.” This simple answer is surely the only right one in the long term. 
Put sewage back on the land to fertilize what you want fertilized. Recycle 
the minerals. This leaves only the long-lived deadly products of organic 
chemistry, like DDT, of which an ecologist can only say, ‘Refrain from 
making them in the first place.” But these seemingly simple answers are 
not so simple to practice. They exact costs; both familiar economic costs 
and more serious physical costs which must be paid in the currency of 
energy. 


The economic costs of restraining polluters are not things that an 


ecologist is particularly competent to assess, but he should be aware that 
they can be great. It would be very expensive, for instance, to divert all 
sewage from Lake Erie, and this expense is to be measured in terms of 
what other goods we deny ourselves for the sake of a good in the form of 
a clean Lake Erie. The goods foregone could easily be better schools in 
the South or more decent homes for slum dwellers in cities near the lake. 
The improvidence of past generations, which has left us with both slums 
and polluted lakes, may force us to make some unpleasant choices. Even 
if we can face the economic costs of what we desire, we shall still be 
faced with the fundamental energy cost, and this may in the long run be 
harder to meet. 

If, instead of letting our sewage and garbage fall quietly into rivers, 
there to be transported for us by that portion of solar energy driving the 
hydrologic cycle, we resolve to take it back where it came from, we must 
do extra work. This requires a source of high-grade energy. For a few dec- 
ades we can provide this energy cheaply from fossil fuels, after which we 
must increasingly resort to some other source. If energy from uranium fis- 
sion plants, breeder reactors, or thermonuclear fusion does not come to 
our aid quickly, we may well decide to live with polluted waters and use 
our dwindling fossil-fuel hoard for other things. 

Nuclear power stations themselves have a forbidding sound to a 
student of lakes and streams, because all designs so far discussed require 
the waters of lakes and streams to cool them. These stations are all 
devices for releasing nuclear energy as heat, and this heat has to be har- 
nessed by making it do work such as boiling water to run turbines, which 
in turn run generators. The second law of thermodynamics requires that 
heat be released from the system at all these stages, and this heat must be 
carried away from the power station. The only effective way we have 
found to do this so far is to carry it away in flowing water. This has an ef- 
fect on the aquatic systems so used that we have come to know as 
thermal pollution. Heating water obviously alters the conditions of life 
within it, and some of the first casualties are cold-water fish like trout, 
which happen to be those favored by anglers and gastronomes alike. So 
thermal pollution is at once unpopular with powerful lobbies. But there is 
more to it than this. Warm water floats. If you discharge warm water into 
a lake, you create a floating layer of warm water on top, an artificial 
epilimnion. This artificial epilimnion may increase the length of time 
during which the bottom waters are isolated from the oxygen of the air, 
increasing the chances of their becoming anoxic, and bringing on many 
of the unpleasant symptoms of a lake polluted with fertilizer. And even 
this is not the full extent of the woe. Extra-warm surface waters promote 
the growth of blue-green algae over other forms of algae; and blue-green 
algae are nitrogen fixers. Promoting their growth through thermal pollu- 
tion thus results in fertilizing the water with nitrates, bringing on the well- 
known polluted condition of a stinking lake. 


Polluted lakes, rivers, and air are all essentially local conditions and are 
all reversible by natural processes. Pollution of ancient lakes with rare or 
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endemic faunas can involve great losses to the human heritage; it would 
be tragic if Lake Baikal in the Soviet Union or Lake Tanganyika in Africa, 
with their swarms of endemic species, became so polluted that their won- 
derful faunas were lost; but otherwise the brief centuries of man’s ex- 
cesses will appear in the sedimentary history of the earth as a thin 
phosphate-rich band separating essentially similar microfossil assem- 
blages. An ecologist, treasuring the diversity of terrestrial life and wishing 
to pass on to his descendents this rich treasure intact, must be more con- 
cerned with what does irreparable harm to the world ecosystem. Any ac- 
tion of ours which exterminates species does damage that those who 
come after us cannot repair, however enlightened and skillful they may 
become, and it is by the extinctions we cause that we do most lasting 
harm. Extinction by overhunting is now well understood. It is theoreti- 
cally possible to prevent it by setting aside reserves and regulating 
hunting pressures, or by inventing ways of hunting that make the chase 
more difficult. The English system of hunting foxes with a pack of hounds 
is a highly efficient conservation measure, letting a large number of men 
get yearnings derived from their Pleistocene hunting niche out of their 
systems with the minimum risk to the fox population. Reserving grizzly 
bear skins for those willing to hunt their grizzly armed only with spear 
would be another illustration of the principle. But measures for preserving 
game can only work as long as it is possible to set aside land and produc- 
tion for the game to use. Pressures of rising population require that 
reserves soon vanish. Tigers have virtually disappeared from India since 
the Second World War, not because of hunters or fur traders but because 
peasants required tiger food and tiger land for themselves (Schaller, 
1967). This story will be repeated everywhere on earth if population con- 
tinues to rise. First to go are the big predators, not only because they need 
the largest productive base but also because they are dangerous to men 
and farm animals moving in on their land. But soon the wild herbivores 
and the forest must yield also. It is curious that rich societies of the West 
imagine that they can preserve the game refuges of Africa and other 
places by charity collections, when the wealth that provides their charity 
came by subduing their own wild and their own wild beasts. When the 
populations of Africa are large enough, they will press in on the refuges, 
demand protection from the dangerous animals, insist on grazing their 
cows, and finally demand irrigation so that they may plough. This process 
is gathering momentum all over the earth. It results in extinction of all the 
animals and plants of complex communities, allowing to survive only 
those generalist species that can endure troubled times: the weeds, the 
rodents, and the sparrows. 

The gross environmental pollutants have this same effect of encourag- 
ing generalist species, those of the early successional stages. This is true 
even for such exotic pollutants as gamma radiations, as was beautifully 
shown in studies in the Brookhaven National Forest on Long Island by 
Woodwell (1970). The demonstration was very simple, merely the 
hanging of 29500 curie cesium 137 source from a tower among the trees 
(Figure 19.2). The trees near the source soon died, as perhaps should be 
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The effects of chronic gamma radiation ona Long Island forest. A 9500-curie "7Cs source is 
suspended from a central tower. After 8 years there has developed a concentric series of 
communities running from a simple association of mosses and lichens near the tower to the 
undisturbed pine-oak forest beyond the reach of the radiation. The series of communities 
duplicates a successional series resulting from other disturbances in the area. 


expected, and there was a small bare patch in the forest. But as time 
passed a concentric pattern appeared, with plants of varing degree of sen- 
sitivity persisting in rings around the source of radiation. Some mosses 
and lichens were able to endure massive doses of radiation, and colo- 
nized the bare ground near the tower. Then there were various herbs, 
followed by various shrubs; then some trees, and finally the original 
forest, pressed back to a safe distance from the tower. The series of com- 
Munities from tower to forest was a familiar one to students of succession. 
The pioneer communites endured the stress the best, and the effect of 
radiations had been to favor the generalist pioneer species of the succes- 
sions at the expense of the climax forms of complex vegetation. Radiation 
stress effected plants as if it were a natural stress like fire, drought, or 
flooding. 

Pollutants of air or water have similar effects. The algal blooms of a 
polluted lake are simple communities, apparently of pioneers invading a 
habitat which is no longer tolerable to the species of more complex com- 
munities which once lived there. The plants which come in after strip 
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mining, or on land contaminated with acid mine waste are likewise pio- 
neers. Woodlands fade away in the polluted air coming from cities to be 
replaced by scrub. It seems that always our pollutants are treated by natu- 
ral communities as stresses to which there is a common response. Pioneer 
communities adapted to recurring natural stresses survive, and the climax 
or more complex communities are removed. The spread of pollution over 
the earth, even pollution at levels not obviously fatal to men, steadily 
removes complex communities. It thus becomes an extra agent of extinc- 
tion wielded by expanding populations, one allied to the immediate 
needs of the expanding populations for the land itself. 

But to the twin direct pressures of expanding population and gross 
pollution is added an agent of extinction that may be the most pressing of 
all, the broadcasting of persistent poisons that are effective in trace 
amount. These kill selectively, at the tops of food chains, again acting 
against the species of complex communities. Pioneer plants and animals 
again seem able to survive stresses of heavy metals and insecticides the 
best, probably because there is more genetic variability in their popula- 
tions on which selection can work. And these trace poisons, released into 
the biosphere, can work their extinctions far away from the edges of ex- 
panding populations, in the places where ploughs and smog have not yet 
reached. These agents of extinction worry ecologists second only to the 
expansion of population itself. 

The alarm has sounded on the elemental poisons so well that their dis- 
bursementis likely to stop. We can ban lead from gasolines, and regulate 
emissions of mercury and arsenic. Those who pollute with such things 
have few friends, so that pollution of this kind will probably be stopped. 
But the massive release of the more insidiously damaging long-lived in- 
secticides is backed by economic interests so powerful that they do no 
more than twist under the pressure of logic. 

DDT is typical of the family of chlorinated hydrocarbon insecticides. It 
has so stable a chemical structure, that we can find little evidence that 
much of the DDT that we have released over the last couple of decades 
has been degraded to innocuous substances. It is true that vertebrates do 
excrete a large part of their intake, in addition to that which they store in 
their fat, and that they do metabolize it slightly in the process. But the 
most common metabolite, called DDE, is nearly as toxic as DDT itself, 
and is not very different from it. DDE is largely to blame for the vanishing 
of predatory birds due to their inability to make shells for their eggs (Keith, 
1966: Hickey, 1969). Only minor metabolites are thought to be relatively 
harmless, and there is no field data to suggest that DDT is broken down 
by physical process. The disappearance of DDT from fields after a 
number of years has been noted, but there is no reason to believe that 
anything more has happened to this than movement to other ecosystems 
in air and water; for DDT both dissolves and evaporates. It travels the 
world and has even been found in Antarctic snow (Peterle, 1970). 

DDT works its deadly way but slowly up food chains, so that a recent 
computer simulation of Wisconsin ecosystems suggests that we have nine 


years to wait before what is already in the state appears in its most mas- 
sive concentrations in the top links of the native food chains (Harrison et 
al., 1970). After that, it, together with the DDT from the rest of the world, 
and all its ugly relatives, are headed for the world oceans. It is possible 
that some of the wonderfully diverse life of the deep ocean floors 
(Chapter 40), to say nothing of creatures of the more familiar sea, are 
doomed by poisons already spread. Compared with this, to worry about 
phosphates in detergents seems trivial. 


We do work to pollute. Lakes and streams lose their pollutants to mud 
and discharge waters so quickly that we have to work really hard to keep 
them topped up with our garbage. The air pollutants trapped over a city 
by an inversion are always swept away in the wind before long, and all 
the work to concentrate them has to be done over again. We do this work 
with fossil fuels. If we wish to move pollutants more gently to places of 
our own choosing, we must do yet more work, for which we must again 
draw on the energy of fossil fuels. We do even more work to concentrate 
men in giant cities, to make new motor Cars so that the old ones can be 
thrown away, and to make no-deposit-no-return bottles. 

It also takes much work to replace complex ecosystems with crops, and 
to defend these crops against herbivores and competitors. We make our 
work task even harder by developing high-yielding strains of crop plants, 
since they put the maximum of their trapped solar energy into food stores 
which we eat instead of using their energy to compete and defeat her- 
bivores as the wild plants do. We must then defend our tender plants and 
their energy stores with an alternate energy source which, of course, we 
derive from fossil fuels. We plough and hoe to defend plants no longer 
able to defend themselves. In a real sense, therefore, we are eating fossil 
fuels, since fossil-fuel energy as well as solar energy goes into the support 
and production of our crops. But we have found that we can defend our 
crops from competitors and herbivores more easily, which is to say with 
less expenditure of energy, by spraying insecticides and herbicides. This 
is the sort of action that reveals the fundamental and ecological basis of 
the environmental crisis. It takes less work if you pollute. 

If we chose to live in a less-polluted world, we must first accept the fact 
that it will take much work to do it. The total work we can do for the 
immediate future is measured by the flow of fossil fuels, and their supply 
is both strictly limited and the property of the world community. There 
may not be enough for what we plan. To this is sometimes made the 
cheerful answer that soon we shall have breeder-reactors or fusion reac- 
tors, which will give us unlimited power. But this is not true. Suppose, 
which | tend to expect, that fusion reactors are made, that they are essen- 
tially clean, and that we resign ourselves to living with thermal pollution 
of water by measures such as banning the power plants to the Arctic 
Ocean where there are not many people; this still does not provide us 
with unlimited power. These power plants will heat the earth. In effect, 
we will be adding a small sun to the solar system. The temperature of the 
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earth is set by a steady state established between the rate of solar insola- 
tion and the rate at which the earth radiates energy back to space. As 
power plants are built, so will fresh steady states be established at ever 
higher temperatures. A practical jimit to power output by fusion plants 
will be reached when the effects on things such as weather of the raised 
temperature of the earth become intolerable. No doubt we can generate 
many times our present output of power before this point is reached, but 
this is not the same thing as claiming that fusion plants will give us unlim- 
ited power. Perhaps fusion plants would let us provide for every citizen of 
the modern earth the power consumption that a North American now 
enjoys without raising the earth’s temperature more than would be tolera- 
ble. But population goes on doubling, and so do the per capita desires for 
power. Control of pollution must require still greater per capita consump- 
tion of power, because we must do more work in the controlling of it. An 
ecologist must remain unimpressed by all technical solutions to pollu- 
tion, whether it be the minor affairs of algae-covered lakes and smog or 
the more serious things like DDT and heavy metals, as long as popula- 
tion continues to rise. The limits to the quality of life which any man can 
enjoy are set by the numbers of other men, or the energy we release, or 
both, and various of the syndromes that we call pollution are inevitable. 
In anything but the very short term, the real cost of controlling pollution 
is setting a limit to the numbers of people. 


One way of looking at plants and animals is as sets of tolerances. Each 
kind has a preferred place in which to live and cannot tolerate the con- 
ditions for life in different places. A refinement of this idea is that there 
may be places that are nearly suitable for a particular animal or plant 
and that might need to be changed in but a single factor to make the 
place suitable. This refinement is essentially a simplifying assumption, 
for it must be obvious that very many among even physical factors must 
interact to form the environment of a plant or animal. Careful measure- 
ments of things such as temperature and nutrient supplies in field crops, 
and in growth chambers, may yield a set of apparently optimum condi- 
tions which should be provided for good husbandry, but this is an 
approach that leads to very little ecological understanding. Wild plants 
and animals usually have their distributions set by the activities of other 
plants and animals more than by the physical conditions for life. But 
more serious still is the fact that this approach tends to regard species as 
created entities doomed to find what living they may in such physical 
habitats as they can tolerate. A proper ecological viewpoint is to think 
that species have evolved to get a living, to take advantage of particular 
resources, and that they have evolved such physical tolerances as are 
required for this chosen way of life. There is much that is interesting and 
useful in finding out how this trick of physical adaptation is achieved, a 
sort of study that is often called “physiological ecology,” but again such 
work does not help the more important ecological question of why these 
adaptations were evolved. The same criticism may be applied to recent 
attempts to define the tolerances of animals and plants by their heat 
budgets. Any particular design of animal may well be shown to be 
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limited to a certain range of environments because it cannot balance its 
heat budget anywhere else, but once more the more interesting eco- 
logical question is to ask why that particular design of animal was 
adopted by evolution, and the answer to this must be sought through an 
understanding of the resources made available to the animal by that par- 
ticular physical design. Thinking of animals and plants as sets of toler- 
ances is useful for the practical purpose of systems analysis, but it is 
more interesting to try to understand why such animals and plants came 
to evolve their ability to live where they do. The habitat is best seen as a 
stage on which an evolutionary play is performed, a play which we see 
at one moment in its development as numbers of plants and animals 
adapted to various ways of life. 


It is a commonplace of natural history that each kind of plant or animal 
can tolerate only a certain set of conditions, and that the occurrence or 
commonness of any kind must be set by the frequency with which its 
favored conditions are met. Animals requiring brackish water must only 
be looked for where there is a brackish water; plants that require frost to 
break the dormancy of their seeds or bulbs can only be found in places 
with frosty winters; frogs that spend part of their life cycle in water cannot 
be found in deserts, and so on. The distribution of many animals and 
plants must be sharply affected by such simple considerations, and may 
often be satisfactorily explained by them. 

Sometimes just one overriding critical factor may appear to be limiting, 
as was first pointed out by the great German chemist Liebig, in the middle 
of the last century. Liebig discovered the importance of phosphorus to 
agriculture, noting that if a field was poorly supplied with phosphorus, 
crops would not do well on it however splendid a place it was in other 
respects. He had, of course, stumbled on the most generally limiting of 
the nutrients needed by all life, the one really vital thing that was in gen- 
eral short supply because of its comparitive rarity in the earth’s crust, but 
the principle should hold good for any other nutrient that might be in crit- 
ically short supply. Liebig wrote in a day when you must express your 
major discoveries as ‘laws’’ for them to penetrate the corporate con- 
sciousness of science, and so he expressed his finding as his famous “Law 
of the Minimum” which states, “Growth of a plant depends on the 
amount of food-stuff which is presented to it in limiting quantity.” The 
impressiveness of this statement is such that biologists have long been 
mesmerized by it. In fact it says “plants are limited by what limits them,” 
which is not so impressive. 


In practice, the growth of most crops probably depends on their having 
“presented’’ to them, as Liebig put it, enough of just three nutrients that 
are commonly in short supply nitrate, phosphorus, and potassium; the 
familiar N:P:K of the farmer, although it is even better to give them 
water. It is possible for soils to be deficient in less likely nutrients than 
N:P:K, such elements as boron and iodine, for instance. There is no a 
priori reason for doubting that the whole periodic table may not be 
needed in some tiny proportion, but it is doubtful if the fortunes of agri- 
culture are much affected by shortages of most of the elements. 

Wild plants must be limited by restrictions in the supply of essential nu- 
trients no less than crop plants, but wild plants must also be severely 
limited by the activities of other plants and of animals which eat them, 
and these pressures may be much more “limiting” than simple nutrient 
shortage. Critical provision of minimal amounts of nitrates, phosphates, 
and potassium, principally by mineral cycling, is, however, important to 
wild plants, and may restrict their growth and distribution. Some plants 
may not live on bare ground at all because nutrients may be critically 
limiting; and this may be, as we have seen, an important cause of plant 
succession, Others may grow poorly ina place, reducing the productivity 
of the habitat and imposing restrictions on the numbers and kinds of 
animals that can live there. The life of the world’s oceans appears to be 
critically limited by phosphorus or iron in this way. 

On land, water is perhaps the most important of nutrients that may be 
present in critically limiting amounts, there being, for instance, no doubt 
that the paucity of plants and animals in hot deserts is due to scarcity of 
water. The growth of any desert plant depends, as Liebig would have 
said, on the amount of water presented to it; and we may further reason 
that the growth of desert plants so limited determines the energy flux 
available to desert animals; which must, in turn, determine the numbers 
and sizes of those animals. But desert plants grow best if you take them 
out of deserts and give them lots of water, an experiment that the world’s 
thousands of cactus enthusiasts have demonstrated many times. Ap- 
parently what is really important to the distribution and abundance of 
desert plants is that they can tolerate life in a place where water is scarce 
whereas most plants cannot. The opposite must also be true; that the 
desert plants cannot tolerate life in the well-watered parts of the earth. 
Since desert plants like water as well as other plants, their exclusion from 
watered places must be due to some other factor of the environment 
which they cannot tolerate. They may not be able to survive the different 
seasonal cycles of watered places, or such physical stresses as rain, frost, 
or developed soils; or (and this is the most likely explanation) they may 
be excluded by some doings of the other plants and animals of the place. 
But it is clear that a set of tolerances of some sort places limits to the dis- 
tribution of desert plants. Their tolerance of low water supply enables 
them to live in deserts, and their failure to tolerate some other aspect of 
life in watered places restricts them to the deserts. Like all plants and 
animals, desert plants are limited in one direction by their minimum 
requirement and, in the other, by the adversity that they can tolerate. 


275 
ON LIMITS AND 
TOLERANCE 


276 

ANIMALS AND PLANTS AS 
PARTS OF NATURAL 
SYSTEMS 


V. E. Shelford is credited with having first pointed out the importance of 
tolerances in explaining the distribution of individual species of animals. 
He concluded that the distribution of tiger beetles within the Lake 
Michigan sand dunes was determined by soil moisture, strangely enough, 
for the beetles run and fly under the sun and over the hottest sand in the 
course of their predatory lives. But their eggs are laid in holes in the 
ground, and the ground had to be just right; damp enough, not too hot, 
not too cold, and just the right texture. The distribution of the beetles was 
thus set by a very narrow range of environmental limits, and these applied 
for one short phase of the animal's life cycle (Shelford, 1908). 

Shelford (1913), probably in conscious imitation of Liebig, described 
his views on tolerance as the “law of tolerance,” pointing out that 
animals were limited to environments which they could endure, and that 
Liebig’s Law of the Minimum defined only one of the parameters of what 
they could endure. Liebig had said that plants were limited by what 
limited them, now Shelford said that animals tolerated what they could 
tolerate. 

Itis sound ecological thinking to ask, “What are the things of the envi- 
ronment which limit this organism?” It is perhaps not so interesting a 
question as, ‘Why has this organism been adapted to this set of limits?” 
but it is a valid ecological question all the same. Shelford was trying to 
answer the first of these questions with his work on the tolerances of tiger 
beetles. He thought of animals as being defined by sets of tolerances. This 
view is forced to turn away from the really interesting side of an animal’s 
life, of how it gets its food and how it adapts to the presence of other 
animals, of the most vital parameters of the Eltonian niche. But concen- 
trating on physical tolerances does have the practical advantage that you 
have something to measure. Physical tolerance must be to things like 
temperature, or water, or salinity, or Liebig’s minimal nutrients. Thinking 
of animals and plants as being narrowly limited by the physical environ- 
ment gives you a license to go out and collect data and, when you are 
tired of field work, you can bring your organism into the laboratory, make 
it live in growth chambers which formidably mimic all possible states of 
its native environment; then measure its tolerances with beautiful preci- 
sion. 

Measuring the simple physical stresses which an organism can endure 
in this way may have practical value. You really can define a nutrient 
mixture in which some plants will do well in a certain climate, for in- 
stance, and this knowledge is useful if you want to grow the plants as a 
farmer. But this practical usefulness has been marred by the way in which 
ideas of tolerances and limits have been put forward. “Plants are limited 
by what limits them’ and, “Animals can tolerate what they can tolerate,” 
are not useful statements. But they have been venerated as laws, and they 
have conveyed the idea that all you had to do in your field studies was to 
go out and measure things until you found something which seemed to 
be limiting, and that you had then explained something significant. The 
chances were that you had done nothing of the sort. You may have come 
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across some temporary condition in which an animal had bumped 
against some real limit or even that the correlation with an apparent 
restraint was entirely fortuitous. It is easy, for instance to believe that 
phosphorus is limiting a plant crop, and even to show that the crop grows 
better with more phosphorus, when in fact it was much more limited by 
shortage of water. Thinking of the environment as sets of limits has prac- 
tical use, but the impression given by the meaningless “‘laws’’ of the 
minimum and tolerance, that single factors were often limiting, is false. 
Many practical field workers have been led astray by this. 

From the original ideas of tolerance have developed schools of ecology 
devoted to defining the activities, and hence the distributions of animals 
and, particularly, plants from environmental measurement. Many growth 
chamber and field measurements about many individuals yield what may 
be called a range of tolerance for a population, and the findings can be 
plotted as a bell-shaped curve as shown in Figure 20.1. The optimum tol- 
erance for the population seems to be the point at the top of the curve. 
Measure lots of parameters and you can draw lots of bell-shaped curves, 
then you can sum these by sophisticated mathematics to define in one 
equation all the tolerances of an animal or plant that seem most impor- 
tant. Such an approach is usually implied when work is described as aut- 
ecology, the study of the habits and habitats of individuals or individual 
species. Treated in this way, the study of tolerances is, at least, more 
useful than that quest for critical limiting factors of the environment 
which is so dangerously suggested by the statements of Liebig. But it 
ignors the fact that probably most of natural distributions are more crit- 
ically determined by the relationships of living thing to living thing, of 
eating and being eaten. Tolerances are just things that animals and plants 
have evolved in order to get their food. 

The student of tolerance quickly finds that some animals and plants 
have broad tolerances whereas others have narrow tolerances. When he 
finds tolerance to be broad he describes it with the Greek prefix eury-; 
when the tolerance is narrow, with the Greek prefix steno-. Thus, when 
temperature or salinity may fluctuate widely without seriously affecting 
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TABLE 20.1 


Illustration of ranges of temperature tolerance in stenothermal and eurythermal animals. All 
animals are thought to be most active at some optimum condition, in this example, tempera- 
ture, but some have narrow tolerances and others broad tolerances. (Redrawn from Ruttner, 
1963.) 


individuals, the species are called eurythermal or euryhaline; when 
slight changes of temperature or salinity are fatal to animals or plants, 
they are called stenothermal or stenohaline. These four terms are used so 
widely in the ecological literature as to become necessary jargon of the 
trade. It is, of course, possible to call on bastard Greek for more elaborate 
classifications of kinds of tolerance (see Figure 20.2 and Table 20.1), but 
these do not have wide currency. 


The idea of critically limiting physical factors may serve only to obstruct a 
theoretical ecologist in his quest for a true understanding of nature. His 
task is to explain the distribution and abundance of animals, the reasons 
species exist, and why there are so many of them. To say that animals live 
where their tolerances let them live has an uninteresting sound to it. It 
implies that animals have been designed by some arbitrary engineer ac- 
cording to some preconceived sets of tolerances, and that they then have 
to make do with whatever places on the face of the earth will provide 
enough of the required factors. But these animals have evolved their sets 
of tolerances to meet particular environmental conditions. The real ques- 
tion for ecology is: Why have animals and plants evolved the particular 


Terms Sometimes Used To Describe Various Kinds of Tolerance 


stenothermal—eurythermal refers to temperature 
stenohydric —euryhydric refers to water 
stenohaline — euryhaline refers to salinity 
stenophagic —euryphagic refers to food 
stenoecious —euryecious refers to habitat selection 


The suffixes -thermal and -haline are used quite commonly. The others (for- 
tunately) less commonly. 


sets of tolerances to which they do own? Measuring tolerances takes 
ecology no way at all on the road to answering this question. 

The intellectual fallacy that may result from too much faith in a limiting 
factor approach is best illustrated by an example. The bottoms and sides 
of streams-running from hot springs in Yellowstone Park are lined by algal 
mats. There is a temperature gradient down the stream channels, as you 
would expect, and there are different taxa of algae to be found in various 
temperature ranges. Between about 55°C and 40°C the algal mats are 
largely made up of filamentous blue-green algae, but these plants are 
rather stenothermal and will not actively grow at temperatures below 
40°C, although the mats can persist at lower temperatures as long as they 
are not eaten or otherwise disrupted. The mats are eaten, however, by a 
species of fly which raises its maggots on them. The fly is very skillful at 
seeking out algal mats to lay large numbers of eggs on them, but the fly 
larvae cannot tolerate the temperatures at which the algal mats will ac- 
tively grow, and hence must make do with moribund colonies in cooling 
water, This state of affairs can be understood from the graph shown in Fig- 
ure 20,3, based on a sketch drawn for me by R. D. Mitchell, who has 
been investigating the phenomenon (Wiegert and Mitchell, 1972). The 
tolerances of the flies are such that they are apparently disbarred 
from eating what one might think should be their main source of 
food. Why should they have evolved such tolerances? Or is it that 
the fly engineer somehow could not make a fly which would toler- 
ate warmer water? 

The answer proposed by Wiegert and Mitchell rests on the discovery 
that most of the standing crop of the algae at any one time is present as 
moribund mat at temperatures which are near the optimum for the fly 
larvae. This comes about because of some peculiar properties of the 
spring system; the algal mats acts as insulators so that the middle of an 
old mat becomes too cool for active growth. Furthermore, algal mats 
serve to divert the flow of the shallow streams, deflecting warm 
water, and cooling the mats still more. It thus comes about that the 
main food resource available to the alga-eating flies is at a temperature 
too cold for algal growth. The ecological strategy of the flies has been to 
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adopt temperature tolerances that will enable them to feed on this re- 
source. It has apparently not been worthwhile in an evolutionary sense 
for flies to have developed tolerance to warmer water, because the re- 
sources in that warmer water were too small to support a viable popula- 
tion. Knowing the temperature tolerances of those flies would be valuable 
to a man setting out to kill them, but is not very illuminating to someone 
wanting to know the flies’ role in the hot spring ecosystem, and is almost 
useless in aiding an understanding of why that species of fly evolved. 

The ecological moral in this story is that we must prefer asking our- 
selves what an animal or plant is doing, to asking what it can stand. For it 
will have evolved to stand whatever is necessary in order to do what gives 
it a livelihood. Ask first not, “what is its temperature?” but rather, ‘what 
is its resource?”’. 


The most noted of the descriptive plant geographers of the last century, A. 
F. W. Schimper, based much of his work on the relationship of plant form 
to water supplies. One of his most discerning studies was on the true na- 
ture of the epiphytes of trees in the tropical rain forest (Schimper, 1903). 
These plants lived high on the branches of the great trees, exposed with 
them to the endless damp and the sousing equatorial rains, and yet they 
were often shaped like plants Schimper had seen in deserts. They had 
thick fleshy leaves, with dark green shiny cuticles and sunken stomata, 
and they often had spongy mats of suspended root or curious cup-shaped 
leaf bases (Figure 20.4). In the desert, sunken stomata, heavy cuticles, and 
fleshy leaves are clearly devices to reduce water losses from evaporation. 
Very well, they must serve the same function in the tropical rain forest. 
The water-catching leaf bases and spongy roots clinched the argument; 
the rain forest epiphytes were living in a drought. And of course they 
were; they had no contact with the ground and must conserve what water 
they could of that which went flowing by. Schimper was able to go on to 
draw some intriguing conclusions about the relationships of epiphytes 
and desert plants, suggesting that suitability for life in one place should 
make a plant suitable for life in the other and that there might be found 
common evolutionary histories in some of the epiphyte and dry-site 
groups. 

Once the ability to tolerate is revealed, there comes the task of dis- 
covering how the trick is done. Desert animals have been studied inten- 
sively from this point of view. Some save water by hiding in the ground all 
day, only coming out in the cool of night, and some even sleep away long 
periods of the worst hot weather in some shady hole, a physiological phe- 
nomenon called aestivation and an analog of the hibernation by which 
some animals survive the northern winters. And all desert animals have 
efficient kidneys that are good at concentrating urine and so reducing 
water loss during necessary excretion. 

One of the most beautiful of studies on desert animals is probably that 
of the Schmidt-Nielsens, Bodil and Knut, on the question: How do 
camels manage to cross the desert? (Schmidt-Nielsen, 1964). From the 
earliest times, it has apparently been the general belief that camels stored 


Similarity of epiphytes to desert plants. Both groups are adapted to scant water supplies. No- 
tice the similarity of the epiphytic bromeliad (A) to the Yucca plant (B) (page 282) of the 
deserts of the S.E. United States. Spiny bromeliads may live on trunks of trees in the rain- 
soused tropical rain forest but they have no roots to the ground and so are on short water 
commons all the same. This one has spines, which presumably diminish the attentions of 
herbivores, thick cuticle, small leaf area, and cupped leaf bases which, together with the 
spongy root mass, trap water. The plant in C (page 284) is another bromeliad, this one with 
particularly well developed cupped leaf bases, and with defenses against herbivores again 


reminiscent of desert plants. 
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Bromeliad epiphyte in rain forest 


water, presumably in their hump. But do they? The only certain eco- 
logical fact was that they could travel long distances without it; that they 
could tolerate drought. Knut Schmidt-Nielsen was a student of August 
Krégh (he of the Piitter-Krogh argument); Bodil was Krégh’s daughter; the 
problem of the camels was quite interesting enough to have attracted 
Krégh himself. The Schmidt-Nielsens journeyed to Africa, bought some 
camels of their own, and looked at the bodies of those butchered for meat 
by the Arabs. The humps of camels, as had been long known, contained 
fat, not water, but it had often been said that the fat itself was a water res- 
ervoir because oxidation of fat produces water as a by-product, and there 
is certainly no shortage of oxygen in the Sahara. A 40-kilogram hump 
should yield 40 litres of water (2 jerry cans full); surely a nice reserve with 


which to cross the desert. But taking in the oxygen necessary for fat 
hydrolysis meant ventilating the animal’s lungs, and gas exchange across 
the lung surface must involve much evaporation. The Schmidt-Nielsens 
estimated this water loss, finding that more than 40 litres of water would 
evaporate while enough oxygen to hydrolize 40 kilograms of fat was 
acquired. So a camel could not get useful water from the fat in its hump. 
Neither did it store water as water anywhere else, which the Schmidt- 
Nielsens ascertained by dissecting the corpses of thirteen butchered 
animals. But their camels showed how the trick was done. They weighed 
a camel, put it in a pen under the Sahara sun, gave it just dates and hay to 
eat but no water, and sat back to watch. Day after day it seemed content, 
losing weight but not overheating, and looking a perfectly healthy camel. 
After 17 days of it the Schmidt-Nielsens’ natural worry for their animal 
caused them alarm or, as Knut puts it in his book, ‘We felt rather uncer- 
tain about where we stood.”’ So they decided to give the camel a drink. It 
drank 40 litres (9 gallons) of water in 10 minutes, after which it weighed 
about what it had at the beginning of the 17 days. The camel had survived 
under the sun all that time not by storing water, but simply by going 
without. This was confirmed from blood samples of thirsty camels, which 
showed their blood to have unusually high electrolyte contents. The 
camels’ adaptation to desert life was a tolerance of physiological drought 
much higher than that of other animals, coupled with a good thick 
insulating fur to keep the sun’s heat out and an ability to drink quickly 
when opportunity occurred. Neither camels nor any other animals ap- 
parently store water to cross deserts. 

Physiologic studies like those on desert animals are necessary to an- 
swer almost all the “how” questions of ecology. The approach is to ac- 
cept a species as a fact, a collection of individuals having a common way 
of life, and then to discover the mechanisms which let them live as and 
where they do. Such studies are often exciting and emotionally satisfying 
to biologists; the camels that cross deserts; the whales that plunge deep 
into the sea without getting the bends; the tiny hummingbirds who can 
muster in their scraps of bodies the energy for transoceanic flight; the 
bears who sleep their prodigious sleeps hidden in a winter's cave. Studies 
of such performances clearly concern the habits and habitats of animals, 
and hence are truly part of ecology. They are often considered as a seper- 
ate subdiscipline called physiological ecology. But it is important to re- 
member that they do not help to answer the grand ecological questions. 
The Schmidt-Nielsens showed splendidly how camels crossed deserts, 
trenchantly slaying the sacred cows of folklore as they did so. But they 
had not shown why camels crossed deserts. The feats of engineering by 
which camels overcome the hazards of crossing the desert are of less 
interest to ecology than noting that camels exist because there is some 
desert resource which they are able to exploit. 


Animals do work, which degrades energy to heat, which warms them up. 
Plants live under the sun, absorbing its rays, which warms them up. Nei- 
ther warming process can go on indefinitely or animals and plants must 
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become too hot to live. They must balance their heat intake with heat 
losses, must balance their heat budgets. Whether they can maintain a 
balanced budget depends on the energy flowing in their environment and 
the environmental conditions which determine their rates of heat loss. An 
ultimate limiting factor for any plant or animal is thus some function of 
the energy resources of a place and the energy losses occasioned by living 
there. This idea is familiar to zoologists, who have always intuitively un- 
derstood the importance of cold weather, wind-chill factors, and regula- 
tion of body temperature. But the idea is also one that allows formal 
analysis. ‘ 

An animal standing under the sun (Figure 20.5) receives energy from 
many sources; directly from the sun, considered as a point source; by the 
radiation of skylight, considered as a hemispherical bowl above the ani- 
mal; by reflection from its surroundings; and by infrared radiations from 
the ground, surrounding objects, and the clouds. If the air is hotter than 
the animal, it may also receive heat by convection, though convection is 
usually a source of heat loss in real environments. And an animal re- 
ceives much energy from its food, which we call metabolic energy. On 
the other side of the heat budget, the animal loses energy by black body 
radiation, by convection, and by evaporation of water at the respiratory 
or skin surfaces. We may draw up a heat budget for an animal as follows: 


F ‘energy absor energy absorbed 
Ce) “44 ( from direct + ( from 
sunlight sky light 


energy absorbed energy absorbed 
+ | from radiations |+ | from radiations 
c te 


oming from ground oming from clouds, 


energy lost energy lost energy lost» 
=| by black body | + by + by 


radiation convection, evaporation 


The metabolic energy available to an animal is essentially measured by 
the resource which the animal can utilize. As such, it is a property of the 
environment. The various radiant heat sources are also properties of the 
environment, so it is apparent that, apart from being skillful at harvesting 
its resource and choosing to lie in sun or shade, the animal can do noth- 
ing to control its energy input. The energy losses, however, may be par- 
tially within the control of the animal. The loss by black body radiation is 
proportional to the fourth power of the absolute temperature; so the ani- 
mal can modify this loss by insulating itself with fat or fur, a stratagem 
which keeps the radiant surface at a lower temperature than the body 
core. The energy lost by convection also depends on the temperature of 
the surface, and may likewise be limited by insulation. The loss by evap- 
oration cannot be reduced below a threshold set by the need to ventilate 


Energy exchange between an animal and the environment. (After Gates, 1968a.) 


the lungs, but it can be increased by panting, by sweating, or by rolling in 
wet mud as pigs do. 

The energy lost by evaporation can be very large, so that an animal pro- 
vided with unlimited water can virtually always balance its heat budget 
in a warm climate, thus avoiding the risk of getting hotter and hotter until 
it dies. Camels, as the Schmidt-Nielsens have shown, use up their water 
much more completely than do other animals in their efforts to balance 
their heat budgets. Camels also use insulation to avoid absorbing energy 
by conduction both from the high surface temperature produced by radia- 
tion from desert sand and desert sky, and from convection in hot desert 
air. But when the camel’s stretched water supply does give out, its tem- 
perature must rise and the beast must die. 

There are more cold-to-life places on earth than there are hot-to-life 
places. In these, an animal’s problem is unbalanced energy losses that 
accumulate until it dies; or, more exactly from the ecological point of 
view, until it no longer can do the work of reproduction. An animal with 
fur or feathers can control its energy losses much better than one without 
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such insulation. Being fatty helps, so does being large, since this reduces 
your radiating surface in relation to the volume of your body core. Having 
behavior well enough developed to get you out of the wind is also useful. 
We know that arctic faunas include many birds and mammals, which 
have insulation, and not lizards, which do not. Then it has long been 
known that animals generally get bigger as you go toward the poles, the 
so-called Bergman’s rule. And animals like lemmings, which must over- 
winter in the Arctic, live under the snow instead of on top of it. These 
adaptations of arctic animals can be expected from simple considerations 
of heat budgets. 

But it is important to appreciate the real ecological significance of 
these adaptations to cold-living. The subject is commonly discussed in 
biology in relation to warm-bloodedness and cold-bloodedness; to 
homoithermy and poikilothermy (two terms Greek enough to convey a 
proper sense of wisdom). But whether an animal's tactic in life is to hold 
its body temperature steady or to change it as the occasion demands is 
largely irrelevant to its ability to survive in any particular place. If the 
niche of large top carnivore of tropical rivers could best be filled by an 
animal that controlled its temperature within narrow limits, | suspect that 
crocodiles would long since have been replaced by mammalian fishers. 
Poikilothermous lizards are not excluded from the Arctic because they 
are poikilothermous, but because, on the average, they cannot balance 
their heat budgets if the ambient temperature is low. Mammals and birds 
survive in the Arctic because, on the average, they can. 

Thinking of an animal as a balancer of a heat budget lets us extend the 
concept of limiting factors to climate, not just in the general ways in 
which climate has long been used by biogeographers to explain distribu- 
tions, but in concrete and potentially measurable ways. Any animal is 
limited to the places in which it can balance its heat budget. Its loss of 
heat will depend on various measures of radiation, on wind speeds, and 
on relative humidity; all directly measurable parameters of the environ- 
ment. But to apply these data to our animals we must measure to what 
degree these parameters represent unmanagable drains on the budget. 
Measuring the heat budgets of real animals is not so easy, since it must 
involve things such as measuring the rate of metabolism, radiations from 
the several parts of the body, convective losses, and the like. It is not im- 
possible to do this sort of thing, but it can be immensely difficult. Fortun- 
ately, as David Gates, of the University of Michigan Biological Station, 
has shown, the necessary data can be drawn from temperature measure- 
ments of various parts of the animal alone. 

Gates (1968 a and b) starts his analysis with the simplifying assump- 
tion that an animal is cylindrical, and with negligible appendages; not 
really too desperate an oversimplification if you think of the shape of a 
deer. The cylindrical animal then consists of a body core, an insulating 
sleeve of fat bounded by skin, and there may be a sleeve of fur or feathers 
separating this from the radiating surface of the animal as shown in 
Figure 20.6. 
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where: 


M = metabolic energy as cal. cm.~? min.~! generated at skin surface 
£, = energy lost by sweating cal. cm.~? min.~! 
E, = energy lost by evaporation at respiratory surface cal, cm.~? min. * 
K, = conductance of insulation (fur or feathers) 
K, = conductance of body fat 
T. = temperature of body core 
T, = temperature of body surface 
Q = radiation absorbed by body surface 
hc is the convection coefficient 
Tq = air temperature 
€ = emmissivity of the skin surface 
6 is Stefan- Boltzmann constant for radiation 
T,. = temperature of effective radiating surface at outside of insulator. 


Then the energy conducted from the body core to the skin surface is 


generated et simple conduction respiratory surface, 
skin surface 


M = KelTe Te). Es (1) 


(“reer ia) ne ( energy passed ae =} ( energy lost at ) 


if the animal has no fur or feathers the energy budget of the external sur- 
face is 
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eliminating K-(Te — Ts) from eq. 2 we get 
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if the animal has fur or feathers the energy budget at the radiating surface 
is given by 


Energy reaching energy lost energy conducted 
skin surface |=| from skin ]+| across insulating 
by conduction evaporation, layer 
Ke(Te— Ts) = E or Ka(Ts— Tr) (4) 
and the energy budget for the radiating surface is given by 


Energy conduct radiations 
across +| absorbed from 
insulating layer environment 


Ka(Ts — Tr) an Q 
Pi ( radiant energy ) on) 
lost as black body heat loss 


= €6T," + he(Tr—Ta) (5) 


This (eq. 5) describes how the environmental energy flow may affect the 

heat budget of the animal, but it is not easy to put numbers against various 

terms in the equation. Consider the difficulty of measuring K, or € for a 

real animal, for instance. But we may avoid this difficulty as follows: 
By eliminating K.(T. — T,) from eqs. 1 and 4 we get 


M— E,— Ey = Ka(Ts— T;) (6) 
solving for T,, and substituting back into eq. 1 we get 
M—E—E , M—E 
T.— T, pooh 7 7 
ec r K, K, ( ) 
now 
M-—E, 
Ke 
is the temperature difference between the core and the skin surface and 
M—E—E 


Ka 


is the temperature difference between the skin and the radiant surface so 
that 
M—E ,M—E,—E 
aaa” 


is the temperature difference between core and radiant surface, as eq. 7 
states. 

Measuring the temperature at the radiant surface of the animal and its 
core temperature under various environmental regimens thus enables 
you to measure its ability to balance its heat budget under those regimens. 
Gates and his students (op. cit. and 1962) have collected these data for a 
few animals of different taxa, and can show the environmental extremes 
tolerated by them. Not surprisingly, they conclude that birds and beef 
cattle can stand greater variations in the energy flowing through their en- 
vironment that can locusts or lizards. 

The heat budget of a plant is simpler to understand because, for much 
of its life, at least, the metabolic heat derives directly from the solar radia- 
tion absorbed, and is in fact only a small portion of the incident solar radi- 
ation (Chapter 10). A plant receives all its energy, except when me- 
tabolizing the reserves of previous years (as when a potato sprouts from a 
tuber), from radiations in the contemporary environment, or by convec- 
tion (Figure 20.7). To avoid being cooked, it must balance this incoming 
radiation by losing an equal amount. The energy flux which it arrests by 
storage in plant tissue is usually a very small amount of the total budget. 
The rest it must lose by black body radiation, by convection, and by evap- 
oration promoted by transpiring through the stomates. Most plant leaves 
are such thin fragile structures that regulation of the budget through 
insulation is negligible. A plant cannot alter its size or shape from minute 
to minute as the sun plays hide-and-seek with the clouds, leaving only 
one possible expedient for balancing the short-term energy budget, the 
transpiration stream. This is under the plant’s control by opening and 
closing the stomates, and temperature regulation achieved in this way 
may be remarkable. Gates found that the monkey flowers (Mimulus 
lewisii) growing at 10,600 feet in the Nevada Range on one day of still air 
at 19°C had leaf temperatures of between 25 and 28°C. He drove hur- 
riedly down the mountain to 1300 feet where the air temperature was 
37°C and found that the leaf temperature of local monkey flowers 
(Mimulus cardinalis) was between 30 and 35°C, or very close to the tem- 
perature of those in the cold air near the mountain top [Gates (1965); Fig- 
ure 20.8]. 

The temperature-regulating feats of the monkey flowers may be likened 
to the dessication tolerance of camels, they are adaptations which let the 
plants live in places which they inhabit for some good reason. An 
ecologist is again more interested in the reason for living there, than in the 
physiological adaptation that makes it possible. Monkey flowers must live 
where they do because they are able to divert a resource to their own 
ends, they must be able to win space against the pressures of other plants 
or by avoiding the pressure of animals. 
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Figure 20.7 


Energy exchange between a plant and its environment. (After Gates 1968b.) 


The aspects of a plant’s heat budget which are more interesting to 


ecology are those which are more or less fixed for the species, those con- 


cerning the shape and positions of leaves. A flat leaf, for instance, pre- 
sents a large absorptive surface to the sun, which might be expected to 
overload the input side of the heat budget in some circumstances. This 
may be true in deserts (think of a cactus). But a broad flat leaf must also 
be a potent radiator to the black body of the night sky, and we find that 


the trees of the northern boreal forest commonly have needle-shaped 


leaves which have the minimum surface directed to that cold black body 
of space. The shape of a leaf also influences the rate of heat exchange 
by convection, something which Gates has investigated by making silver 
casts of leaves and studying airflows round them in a wind tunnel (1965). 
The rate per unit area of energy exchanged by a pine tree needle was 
many times greater than that of a poplar leaf. 

The shape of its leaves thus sets limits to the environmental regi- 


na 


Monkey Flower, Mimulus sp. Plants can regulate their temperatures to some extent by 
opening and closing the stomates. Monkey flowers at over 10,000 feet in the Nevada Range 
were found to be at nearly the same temperature as those 9000 feet lower down, 


mens in which plants can live, and the limits are expressed in the ability of 
a plant to balance its heat budget. For plants no less than animals, 
therefore, the various parameters of the environment which influence 
heat budgets; wind speed, day length, relative humidity, and the 
like; can be thought of as setting limits which may theoretically be 
measured for any kind of plant in an objective and physical way. But, 
when we have measured these limits, we are still faced with the prime 
ecological question; Why was it worthwhile for the plant to evolve adap- 
tations to this set of limits? The true ecological answer must again be 
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given in terms of resources which could be acquired by that particular set 
of tactics. Gates ends one of his papers (1965) by saying: 


“A question that remains unanswered is why it is that different plants 
show opimum efficiency at different temperatures. The eventual 
answer to this question will probably involve the catalytic activity of 
plant enzymes; when it is found, it should open the door to the un- 
derstanding of a fundamental mechanism in the ecological system of 
our planet.” 


That is a physiologist speaking. An ecologist should say that the eventual 
answer will show that plants evolved enzymes of different catalytic activi- 
ties so that they could enjoy the use of adequate and private resources. 

But study of the energy costs of having leaves of various shapes allows 
an elegant answer to be made to some of the outstanding problems of 
plant geography (Chapter 2). The most striking problems of plant geogra- 
phy were ones of form, that the shapes of plants changed with latitude, 
apparently with climate. Gates, and others thinking as he does, have 
shown how the limits of climate do express themselves in form, and 
through the most fundamental agency of energy budgets. Consider 
specifically the question: why are there no trees in the Arctic? It was 
never enough to say, “Oh, it is just too harsh for trees there,’’ because 
succulent meadows of fragile flowers can be found in the Arctic. Nor 
could you say it was too windy, because there are places in that treeless 
expanse where it is no windier than other areas further south. Nor could 
you claim extremely cold winters, for there are treeless arctic places like 
the Pribilof Islands with relatively mild winters, and there are places with 
forests but winters of thirty below. Permanently frozen ground does not 
inhibit trees completely either, since there are forests growing over per- 
mafrost in the valley of the Yukon, although only in places where the 
ground thaws deeply. You can go some way toward an answer by 
pointing out (Wilson, 1968) that maintaining large woody structures 
requires work, and that this may be prohibitively expensive of the 
resources of a plant living in a poorly productive place. But a more thor- 
ough understanding is given when you consider that the air more than a 
foot or two above the arctic ground is both cold and moving, threatening 
to unbalance the heat budget of any plant that tries to raise itself into it. 
Close to the ground the air moves slowly and is warmed by red radiations 
from the soil and the plants themselves. It is mild if you do not leave the 
soil by more than a few inches. You can balance your heat budget down 
there, carrying on photosynthesis and transpiration without being fatally 
cooled. But you cannot balance your budget if you stand tall. That is why 
there are no trees in the Arctic (also see Figure 20.9). 


When a systems analyst views a collection of living things, dwelling as 
they usually seem to be in some sort of harmony, he sees them as func- 
tional units going about their appointed tasks. They have their places in 
the physical world, and they also have their places in that other dynamic 
world of life. Their places in the physical world seem ordained by sets of 
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The heat-balance explanation for the life-forms of major vegetation types. Figure 20.9 


tolerances, and these can be understood, investigated, and described. 
Their responses to the presence of other living things can also be inves- 
tigated in an analogous manner, an approach reflected in the term “‘biotic 
factors” which appeared so prominently in many textbooks of the past. 
The effects of biota could be measured just as could the nutrient supply or 
the wind speed. Programmed entities, the species, were then ready made 
and waiting, first for the concept of the ecosystem, and then for the 
analysts with the big computers who should mimic them for the practical 
benefit of mankind. As a pragmatic approach for understanding how na- 
ture works, this examining living things as sets of factors acting on each 
other to form a system has been immensely fruitful. Indeed, much of the 
fruit remains to be plucked. But the approach diverges from the greater 
intellectual task of explaining why species with these sets of tolerances 
should have evolved. Why do all these species exist, living together as 
parts of ecosystems? 
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Thinking in terms of physical limits, even in the refined energetic 
manner of Gates, does not aid us in the answering of this question. Nor 
does the concept of the ecosystem itself help us. Ecosystems do not 
evolve. They must be thought of simply as the results of the actions of 
plants and animals which have done the evolving, individually, by a 
selection that always favored those who obtained most resources. 

Ecosystems are in the eye of the beholder, concepts, products of a way 
of looking at nature. When we make practical ecosystem studies we 
define our study plot by area, in fact, as a habitat. And in this habitat there 
may be many different kinds of plants and animals. The physical limits of 
the habitat do not explain the numbers of kinds that are there. To look for 
an answer in “biotic factors’” merely begs the question. When embarking 
on the great task of explaining the numbers and kinds of plants and 
animals, the habitat is best thought of not as a set of physical limits, but as 
a stage on which plants and animals interact to produce the observed dis- 
tributions. The numbers and kinds we see are the result of the actions 
which have taken place on that stage. G. E. Hutchinson (1965) has neatly 
phrased this concept with a title for one of his essays, “The Ecological 
Theatre and the Evolutionary Play.” An ecologist must examine living 
things working on one another within the confines of the world habitat to 
explain the diversity of nature. 


PART 3 


THE NATURAL 
CHECKS ON 
NUMBERS 


The idea of competition is central to the theory of evolution. We think 
of a struggle for existence, of survival for the fittest, of natural selection, 
all of which convey the idea of animals and plants competing with one 
another for the limited raw materials of life. An ecologist wants to 
explain why species exist, and to show how the acting of living things on 
the stage of the world habitat leads to so many of them. It seems that an 
ecologist must study competition, but there are dangers. What a field 
biologist sees in times of change are replacements. A new arrival 
replaces a familiar animal, surely what we should see if one animal was 
successfully outcompeting the other? But we must ask ourselves if such 
replacements, so familiar to contemporary biologists, are truly the result 
of competition. We now study a world undergoing massive changes in 
vegetation and landscape due to human activities, and these changes 
should lead to replacements of animals and plants in the normal course 
of succession. Even such apparently simple histories as the replacement 
of a native British squirrel by an introduced American species cannot 
definitely be shown to have resulted from competition. Experiences of 
this kind show that the concept of competition is of no practical use for 
field biologists and resource managers, that, indeed, they are likely to be 
misled by it. But for theoretical ecology the concept is vital. On the as- 
sumption that competition occurs in nature, both between species and 
between individuals of one species, it has been possible to make simple 
models of the natural world which have led to our most perceptive un- 
derstandings of how species are separated, and kept distinct; and of how 
the populations of many animals and plants are restricted in nature. Part 
3 of this book follows the fruitful intellectual journey that was started 
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in the Galapagos Archipelago giant tortoises of different islands are dite 
tinct enough to be told apart by their shells. Darwin noted this during hit 
celebrated visit and allowed it to direct his thought toward the theory of 
evolution, One of the oddest and most strikingly distinct of the tortoises 
was that of the small remote island of Abingdon. In 1962 a party was sent 


herd, so to the history of biological thought, but wo weeks of 
searching the small island convinced the field party that the tortoises 
were extinct. But they had not been extinct long because trapped in fit: 


Calamity was also evident; all the browse that lumbering tontones could 
teach had been utterly consumed by goats. The last food had been in the 


Hhand by a 04 fishermen in 1957, But the interest of the story to 
broly hes in) the knowledge that there can be no doubt that the tortor: 
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no doubt of the matter, The following history of Britny squirrels i an ex: 
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tons of the Common American gray squirrel, Sciunus carolinensis, This 
aeimal becomes easily accustomed to people in and parks, sit 
hing up in the engaging squirrel manner to be fed. The native Britiher was 
more standotfish, and was accordingly not so amenable to park lite, and 
the gray squirrel was brought over to supply iriendliness to the estates of 
the |) or 80 people who thought it would be nice to have squirrels on 
they Liwn Schunus carolinensis thrived exceedingly in England, 

ducing and spreading as Hf under some biblical injunction until within 
about JO year it had occupied neatly every wood in the kingdom, The 


stringently short 
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there sll. no doubt a permanent part of the Brith Guna. 

Soo seviuc tively tempting to think of this tale of one squared replacing 
another in teens of Competition, but we have no evidence that there wan 
competition, There is, indeed, scarcely even any that the two 
Populations interacted. All we know 6 that one the other, hit 


ready to enter the empty wondk, of perhaps wome human interior: 
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A reasonable man must find the squirrel case nonproven, and refrain 
from calling it “competition,” for if he does he commits the sin of think- 
ing the problem solved and ceases to think about it. Any apparent interac- 
tion of animals can tempt one into this error, and many have fallen. | 
recently attended a seminar given by the manager of a huge game refuge 
of a western American state, in which he described the main problem 
which had burdened many years: a species of ungulate which the state 
hunters liked to shoot was being replaced by one they did not like to 
shoot. The manager said that the wrong one was outcompeting the right 
one, and the word “‘competition’’ flew around the seminar room like a 
buzzing bee, interrupting the flow of his words and his thoughts. And yet 
it was clear from the evidence that great changes in vegetation, directly 
consequent on human interference, were happening, suggesting that one 
ungulate followed the other as the vegetation was changed by ecological 
succession. When the manager said ‘‘competition’’ he meant only 
“replacement,” and until he got his language straight he was never likely 
to face the truth of his problem. There are many similar stories to relate, 
so many that Australian ecologists H. G. Andrewartha and L. C. Birch 
(1954), in a spirited introduction to their book, expressed the hope that 
one day the word would drop out of the ecological vocabulary. This is 
going too far; but it is vital that “competition” be used with care, only 
when it has certainly occurred, and in contexts of which Webster and the 
Oxford English Dictionary would approve. 

Sometimes you can be suspicious that real competition has occurred 
without being able to demonstrate it; and then it is best to refrain from the 
word too. A fine story of this kind is told by Elton in his textbook. In the 
lower reaches of a tidal stream near Liverpool in England, there lives a 
species of copepod, Eurytemora lacinulata; and this animal is not found 
either at the mouth of the stream in really saltwater nor upstream in fresh- 
water. Its range is the brackish tidal region only. A simple hypothesis to 
explain this distribution is that Eurytemora is adapted to a narrow range of 
salinities, being able to tolerate neither freshwater nor the sea. This is the 
simple limiting factor approach. For the sea end of the distribution, it is al- 
most certainly correct because Eurytemora has never been found in the 
sea anywhere, but it will not work at the upstream end of the distribution 
because the animal is found in freshwater ponds and streams all over 
England. Eurytemora can live in freshwater, but it cannot live in that par- 
ticular Liverpool stream except where the water is brackish; why? Elton 
found a hint of what might be happening from his studies on copepods in 
another part of England, those in ponds and filter beds of the Oxford 
municipal sewage works. Eurytemora abounded in the filter beds, and 
these were regularly drained and cleaned out. It was clear, therefore, that 
Eurytemora must be good at getting itself from pond to pond; it was an 
opportunist who could take advantage of any transient pond that might 
be available. In the more permanent ponds of the region, however, Elton 
never found Eurytemora but found another copepod, Diaptomus gracilis. 
Diaptomus was never in the ephemeral filter beds; Furytemora was never 


in ponds of any age, although we may imagine that it was there once 
when they were very young. The observations can be explained if we 
suppose that whenever Diaptomus reaches a pond it takes over, and the 
preexisting population of Eurytemora dies out. Eurytemora survives by 
keeping one jump ahead of Diaptomus, when it can rely on the sole use 
of a pond until chance brings the first colonists of the Diaptomus popula- 
tion, This looks very like a story of true competition like that of the 
Abingdon goats and tortoises, but one in which the losing species can 
survive by moving away as the tortoises could not do. From these ob- 
servations in Oxford, Elton was able to suggest an answer to the Liver- 
pool distribution. Eurytemora used the brackish water as a refuge, just 
as it used the sewage filter beds for a refuge, and some other factor, 
very likely a rival animal, prevented it from living upstream. There were 
no Diaptomus in that Liverpool stream, and | do not think that Elton ever 
determined what was there to stop the Eurytemora spreading into the 
fresher water. But he thought it most likely that some biotic factor was at 
work, quite possibly direct competition with some animal whose identity 
we do not know. Without being sure it is best to watch our language 
and to say no more than that competition might have been involved. 

In another class of organisms, the decomposers, we have good circum- 
stantial evidence that competition is widespread. Antibiotics come from 
decomposers. By excreting these substances into their immediate neigh- 
borhood, fungi suppress bacteria; which is, of course, why we borrow the 
antibiotics from the fungi. Both fungi and bacteria around them derive 
their energy from the debris of plant and animal corpses, and they feed in 
similar ways by simply digesting the substrate on which they live. It is rea- 
sonable to expect that such decomposers should compete, because the 
food is both restricted and concentrated. The fungi are apparently waging 
chemical warfare on bacteria with their antibiotics so that they preserve a 
respectable proportion of the available energy for their own use. Excre- 
tions of substances like antibiotics are common in most classes of decom- 
posers, and may be taken as evidence of competition of a rather dramatic 
kind. 

Large flowering plants may wage chemical warfare too, as has long 
been suspected in agriculture (Borner, 1960). Barley is known as a 
“smother crop” because it keeps down weeds in the field, sparing the 
farmer the need to cultivate or use chemical weed killers. This it does 
with root secretions, weed killers of its own (Overland, 1966). Other 
plants well-known for inhibiting their neighbors are walnut trees, and it 
is common knowledge among growers of the American Midwest, where 
black walnuts (Juglans nigra) are common, that you cannot grow to- 
matoes near one. Even more striking are the rings of bare ground found 
round clumps of shrubs on the dry slopes of the California Coast Range 
(Figure 21.1). The rings are apparently kept bare by seed-inhibiting 
chemicals dripping down from the leaves of the shrubs and collecting in 
the soil (Muller et al., 1964). It now seems likely that chemical inhibitions 
like these are very widespread, being facts of plant life from the tundra to 
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Figure 21.1 


Rings of bare ground caused by chemical inhibitors in the California coast ranges. 
Clumps of bushes in grasslands may be ringed with bare ground in which no plants 
grow, not even seedlings of the bushes (closeup of ring above, vertical view 
below). The region is one of intermittent rainfall. It has been shown that secretions 
from the leaves of the bushes collect in the soil and inhibited all plants from ger- 
minating there. Is this competition, or is it an accidental effect of a physiological 
mechanism which regulates the growth of the bushes themselves? 


the tropical rain forest, a conclusion which seems a powerful reason for 
believing that plants commonly compete by chemical warfare. But there 
may be doubts that even chemical warfare in plants can always truly be 
called competition. Went (1970) has pointed out that the excretions of 
plants may actually inhibit their own seedlings more than those of other 
species, which seems an odd way of waging war. The bare rings round 
clumps of California shrubs are not kept free for their own use; they are 
denied to their own seedlings as well as to other plants. Went suggests 
that the true selective significance of the secretions is that they inhibit root 


growth of the parent plant in rare heavy rains, thus curbing exhuberant 
growth which may leave the plant overextended when the next drought 
arrives. The inhibition of other plants and their own seedlings may be no 
more than accidental effects. It remains true that some plant excretions 
may well be agents of competition, helping to win space and achieve 
dominance, but even chemical warfare must be examined very closely 
before it is dubbed “competition.” 

Plant succession is, perhaps, one of the most dramatic of phenomena 
which may be satisfactorily explained by competition, and one of the 
clearest examples we have of the working of the process. The well-wa- 
tered parts of the earth are carpeted green, at least, in the spring, giving us 
clear assurance that most available space is occupied by plants and that 
any tiny patch left over will be the object of competition. Such a patch is 
provided by a farmer’s abandoned field. Pioneer plants arrive. They are 
never very big, but they do not have to be because they go where there is 
lots of room for a little plant to thrive unmolested. The quality they do 
have is the power of rapid dispersal; they are opportunist species like the 
copepod Eurytemora. For a few months the pioneer plants bask in the 
glow of uncompeted-for energy. Perhaps they do not do too well for dis- 
solved nutrients, but they are small and do not need to produce much nu- 
trient-consuming biomass to go on basking in the sun. But then winter 
comes, the annual plants die, and the perennials withdraw to their buried 
rootstocks and rhizomes, Next summer the perennials cover the field 
because they can make rapid growth in the spring from their underground 
stores of energy and so occupy space before annual plants can find it. 
Then shrubs spread their branches over the perennial herbs, denying 
them light, competing successfully with them for energy. Trees shade out 
the shrubs, and taller trees the first trees, until finally only the dominant 
species of the climax are left. There can be no doubt that this is a story of 
true competition. 

Competition in succession is competition between species, or interspe- 
cific competition. Competition between plants of the same species, or in- 
traspecific competition, is also common, and is familiar to any gardener 
or farmer. Young plants growing thickly together must be thinned lest 
they “choke” each other. If you keep a crop thinned, however, the plants, 
relieved of competition, continue to grow well. The reality of intraspecific 
competition in plants is thus self-evident. 

Intraspecific competition in animals is harder to demonstrate because 
animals are not easy to observe over long periods of time, and the imme- 
diate effects of competition must often be avoided or masked by their 
moving about. Also their resources of food energy are often various so 
that members of a crowded population may sometimes seem to avoid 
competition by changing food, But there are many known examples 
where animals of simple requirements have been crowded enough to suf- 
fer from the resulting competition. Too many fruit fly larvae reared in 
small bottles of banana mash grow slowly and die like crowded plant 
seedlings, and meat fly maggots in a carcass may be so numerous that the 
same thing happens (Nicholson, 1954). Perhaps the finest example from 
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the wild is that of the barnacles studied on a Scottish seashore by Joseph 
Connell (1961). Connell watched a bare rock in the intertidal zone as 
barnacles colonized it. He used a glass plate to make a map of the popu- 
lation, holding it in a fixed position over the colony and making a mark to 
record the presence of every fresh arrival. As the population became 
crowded, some barnacles were crushed, prized off, or buried by their 
more vigorously growing relatives, until the rock was finally completely 
covered with only the proper number of full-grown barnacles. This his- 
tory was much like that of a growing forest in which many trees die and 
only a few are finally left to expand over all the available space. 

Connell (1961) also found that different species of barnacles competed 
by this same crude process of crushing or prizing one another off the 
rock. On his section of Scottish shoreline there were two species of bar- 
nacle, one, Chthamalus stellatus, living high on the rocks, and a second, 
Balanus balanoides, living lower down in a zone which was underwater 
for longer during each high tide. At dead lower water the two colonies 
appear as bands along the shore, one above the other. Connell saw that 
Chthamalus larvae often settled and started to develop on rocks down 
in the Balanus zone but that they were always squeezed out by aggres- 
sively growing individuals of the Balanus colony. The distribution of 
the Chthamalus population within the intertidal zone was thus appar- 
ently restricted at the top by a simple limiting factor of the environ- 
ment; failure of the tide to push water any higher for long enough 
periods; and at the bottom, by competition with Balanus. 

These limits to the Chthamalus colony may be compared with those 
proposed by Elton for his tidal stream copepod, Eurytemora, but Connell 
was able to observe directly the competition that kept his animal from the 
most favorable places, whereas Elton could do no more than surmise that 
the presence of another animal in the fresher water limited his. 

For plants and fixed animals like barnacles, competition for space must 
be the normal condition of existence. But things that move can take ad- 
vantage of the fact that further away there may be unoccupied space 
where an untapped source of energy may be won. The environment is an 
ever-changing thing, ebbing and flowing with the seasons and expanding 
and contracting with less predictable events like fires, plagues, and 
shifting climates. Animals, and many plants too, may well be so occupied 
in keeping pace with the vicissitudes of life in a home which is always 
changing that they rarely become crowded enough to compete with their 
fellows. There can be no doubt that all animals and plants may some- 
times compete among themselves or with other kinds, but it can also be 
argued that those that are most agile; those that are prompt at finding new 
places on the changing earth; live much of their lives free from 
competition with their own kind. 

In our own day, we see a world subjected not only to the normal vicis- 
situdes of weather, natural castastrophes, and plagues, but also to the 
mighty changes that our own human doings bring about. In such times 
we should expect large fluctuations in the numbers of animals and plants. 


The practical problems of range management commonly must be caused 
by these environmental changes, particularly as ranges slowly adjust to 
the first massive effects of man. Histories of one kind of animal replacing 
another within human memory or historical time must almost certainly be 
functions of these environmental changes. In the study of these changes 
the concept of “competition” has almost no place. ‘Competition’ is thus 
a word that needs to be used very sparingly by game managers and natu- 
ralists seeking to explain the happenings of their own lifetimes. 

But as a theoretical concept for studying the great biological questions 
of speciation and population control, competition has proved very useful. 
The central theory of biology, that of evolution by natural selection, por- 
trays the origin of species as resulting from a “struggle for existence,’’ 
which is to say from competition. Much of the insight of modern ecology 
has come from attempts to examine ways in which species might com- 
pete, and we have gone at least some way to explaining why there are so 
many species on the assumption that they occupy niches whose bounds 
are set by competition. Theoretical models of how species may compete 
with each other have, in turn, been based on models of how crowded 
animals of the same kind may so compete among themselves that their 
population growths are curbed and their crowds controlled. Much valu- 
able understanding of the regulation of populations in nature has come 
from such studies. 

The paths to these understandings have led from observations, to theo- 
retical models, to tests with laboratory populations, and thence back to 
observations of animals and plants in the wild. The extent to which the 
distribution and abundance of animals and plants really can be explained 
by the body of theory built on the central concept of “competition’” is still 
in some doubt, being indeed the subject of hot debate among ecologists. 
But that a very great deal has been learned from the efforts of those who 
have studied competition is not in dispute. A proper understanding of 
modern ecology must therefore involve consideration of the logistic 
model of population growth, equations of competition between species, 
the many experimental tests of these models on laboratory animals, 
and the long quest for parallels of the experimental results in wild 
populations. 

But he who would truly understand the real world must also be ready 
to assess the pressures on populations maintained by inanimate nature, 
by the endless vagaries of weather. The relentless pressures of competi- 
tion are accompanied by the no less powerful imminence of unexpected 
disaster. An essay into the natural checks on populations must delve into 
both the workings of competition and into the endless shifts of the physi- 
cal conditions of life. 
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To a certain extent the numbers of animals and plants around us do not 
seem to change much, an observation that we refer to as the balance of 
nature. One of the jobs for ecology, therefore, is to explain how this nat- 
ural balance is maintained, and we seem to be given a clue in the histor- 
ies of populations of simple animals kept in the laboratory. If you place 
a few healthy individuals of both sexes in suitably comfortable labora- 
tory quarters they will reproduce, and their numbers will increase until 
a time comes when they are very numerous but when their population 
seems to increase no more. Yet the population maintains itself, and we 
may say that it is in a state of balance. Such balanced populations in 
confined quarters can be arranged for many small organisms, including 
yeasts, bacteria, protozoa, and even insects. Ecologists have tried to un- 
derstand how such balances in experimental populations can be main- 
tained, in the hope that their studies should also reveal how that wider 
balance in nature is worked. Ascribing the balance to some property of 
the environment, which resisted the growth of the population, failed to 
yield useful ideas, but the suggestion that population growth was 
checked by the results of competition between individuals for limited 
resources was more fruitful. This latter hypothesis could be restated in 
mathematical terms by a simple descriptive equation, the logistic equa- 
tion. Formal statement of the hypothesis of control through competition 
led many ecologists to devise experiments which should reveal ways in 
which experimental animals actually did compete. That competition for 
food did reduce the rate of reproduction has been convincingly shown 
in experiments with fruit flies, but the same experiments also suggested 
that more subtle forms of competition were at work. Many such subtle 
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mechanisms have since been demonstrated in experiments with flour 
beetles, but all the mechanisms revealed by such work can be thought of 
as arising from the conditions in which the animals have been made to 
live by the experimenter. That animals forced to crowd in the laboratory 
do, in fact, compete for food, or are otherwise checked by density- 
dependent pressures on their ways of life, is not evidence that wild 
animals are likewise checked. A real test of the logistic hypothesis had 
to be found either by direct observation of wild populations, or by 
manipulating the logistic equation to predict the outcome of contrived 
experiments in competition which might then lead to some useful gener- 
alization. 


Naturalists have long held the belief that the numbers of animals about 
them do not change very much from year to year. There are, it is true, 
good years and bad years, years in which a rarity is seen excitingly often 
or when familiar things are scarce, but there is still a comforting normality 
about the fauna of any place. It is predictable. We know what is common 
and what is rare, and we may tell our children about these things, con- 
fident that what we say will still be generally true when it is time for them 
to tell their children. A world in which this was not so, a world in which 
the numbers of animals were always violently changing, would be an 
uncomfortable place in which to live, one full of unpleasant surprises. 
The very idea savors of nightmare. And yet we know that all animals can 
reproduce much more quickly than is needed for their own replacement; 
that birds usually rear several fledglings a year, that mice produce large 
families every few weeks, that insects lay eggs by the thousands, and 
salmon by the million. Somehow the frightening implications of these 
large families must be offset to give us that comforting normalcy of animal 
populations which change little from year to year. We say that there is a 
balance in nature. How is this seeming balance attained? 

A general idea of what may be involved in establishing a natural bal- 
ance can come from observing what happens when a few pairs of simple 
animals are provided with a comfortable but limited home in a laborato- 
ry. Many such observations have been made, those of the Russian 
biologist G. F. Gause (you pronounce the final e making the word 
“Gauzer") with species of Paramecium being particularly well known 
(Gause, 1934). Paramecia are protozoans that feed on bacteria and other 
small particles. Gause found that he could make a standard brew of oat- 
meal which served as an excellent nutrient medium for paramecia, an 
one which he could add to their water in measured amounts. Ina typical 
experiment, he placed 40 individuals of Paramecium caudatum in small 


tubes containing 10 cc of water and a few drops of his oatmeal medium. 
Each day thereafter he would take out a subsample with a pipette to count 
the paramecia present, which gave him an estimate of the total popula- 
tion. He would also spin the tubes in a centrifuge, which drove the 
animals to the bottom and allowed him to pour off the old water with its 
unused dissolved food, in order to replace it with fresh. There was thus a 
daily constant but limited input of food to the system. Under these condi- 
tions, the paramecia reproduced quickly at first, their numbers increasing 
exponentially until the water was cloudy with them. But at last, when 
there were about 4000 animals in each tube, the rate of growth leveled 
off, and the population did not seem to grow any more. Apparently the 
rate of replacement was finally about equal to the death rate, and the 
population was in balance. 

This kind of population history can be duplicated with a variety of 
simple animals in simple systems; with yeasts, molds, bacteria, various 
protozoa, and even insects, such as fruit flies in banana mash and beetles 
in flour. The animals breed riotously when introduced into an empty hab- 
itat, but then seem to come under some sort of control, reaching a 
dynamic equilibrium or balance. From the first it seemed likely that the 
balance reached by the experimental populations was equivalent to the 
general balance apparently existing in nature, so that, if we could under- 
stand the one, we should also understand the other. 

An apparently simple way of looking at population control and the es- 
tablishment of balance was put forward in 1928 by R. N. Chapman of the 
Rothampstead Experiment Station in England. He thought it profitable to 
look at the sort of curbing of population growth which happened in 
Gause’s Paramecium cultures in terms of the resistance of the environ- 
Ment to the population pressure. He was attracted by the analogy of elec- 
tric current flowing ina wire, as described by Ohm’s law, to that of a pop- 
ulation of animals. Ohm had shown that the current flowing at any point 
in a wire was equal to the potential divided by the resistance of the wire 
(a constant which we now measure in ohms). The resistance was given by 
the following equation: 


potential (volts) 


Resistance (ohms) = Cirrent (amperes) 


A population of animals might be said to have a potential in their innate 
ability to reproduce, which we call the intrinsic rate of increase, and the 
number of animals present when the population was in balance could be 
compared to the current flowing. If this number-of-animals current was 
set by an environmental resistance, then Chapman should be able to 
write: 

intrinsic rate of increase 
population at equilibrium 


Environmental resistance 


Since the intrinsic rate of increase and the population could be measured 
for real animals, it should be possible to solve for environmental resis- 
tance and to describe this as a number. There would then open the rather 
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heady prospect of describing all the environments of animals in terms of 
simple numbers, the possibilities of which become clear when you think 
how it might affect everyday problems like that of a game manager who 
wishes to know the carrying capacity of a certain type of range for a cer- 
tain type of game; the manager should only need to look up an index of 
environmental resistance in a book of tables. Unfortunately, as was soon 
realized, Chapman’s analogy was unsound. An electric current flows 
through a wire, but there is no wire down which a population flows. To 
liken an environment, the total experience of an animal in which it finds 
its niche, to a wire is absurd. There is nothing fixed or permanent about 
an environment, and such key parts of it as the food supply are used up as 
the population ‘flows.’’ Stating a numerical environmental resistance 
was in practice merely a cumbersome way of stating census data, like 
answering a question about the number of sheep in a flock by reporting 
the number of sheep’s legs and asking your questioner to divide by four, 

Chapman’s ideas have left behind the term environmental resistance 
in the ecological literature which, for all its doubtful meaning, has so 
catchy a sound that it is still sometimes used. But a much more useful 
conception has been that populations are brought into balance as a re- 
sult of competition. If animals breed riotously when there is lots of room 
and lots of food, but cease to do so when crowded, it is obviously a rea- 
sonable hypothesis to suggest that they do so as a result of increasing 
intraspecific competition for the resources of the habitat, or that they be- 
come suppressed by some effect of the environment which hinders more 
strongly as the population grows denser. This hypothesis enables us to 
make predictive models of population growth and control, which we 
can test by experiment and observation. 

The growth of a simple population in a confined space with a limited 
input of energy is simply described by a graph that always looks sigmoid 
(Greek for “S’”-shaped) (see Figure 22.1). The early rapid growth is easy to 
understand. The animals are blessed with plenty of space, and plenty of 
food; they grow and breed as fast as they can, attaining something close 
to their’theoretical maximum, that same intrinsic natural rate of increase 
which Chapman used. As time passes, more and more animals are 
reproducing at this maximum rate, producing an exponential increase in 
the population size. We may write of this part of the curve: 


R=rN 


where 


R= the observed rate of increase at any one time 
r= the intrinsic rate of increase 
N = the number of animals 


ris, of course, constant, but N is rapidly increasing, so R increases also. 

But in time the population slowly ceases to increase until an upper limit 
to the number of animals is reached. We may call this upper limit the 
saturation value, K. K is a constant, a property of the container in which 


Figure 22.1 


the animals are kept and of the food introduced as an energy source. It 
will differ for every system and can only be found by experiment. 

All the properties assigned so far to the system (R, r, N, and K) are de- 
scriptive, the result of pure observation, but it is now necessary to account 
for the leveling off of the rate of growth of the population so that R eventu- 
ally becomes zero and the population is stabilized at K. Something must 
be suppressing the growth rate R when the population is crowded, and 
our hypothesis states that this something is competition for crowded 
space and vanishing food. The dampening effect of competition presum- 
ably gets stronger as the animals get more numerous, until finally, at N= 
K, competition is so strong as to bring the rate of increase, R, down to 
zero. On this assumption, we may describe the complete history of the 
sigmoid growth of the population with the following equation: 


R=rN (122) 


When N is small, as in the early days of population growth, the quotient 
N/K is negligible and the term [1 — (N/K)] is, therefore, close to 1. The 
rate of population increase R is then essentially given by rN. But as N 
grows large, the term [1 — (N/K)] becomes significantly less than 1, until 
at N= K, it becomes [1 — (K/K)], which is zero. The population growth 
rate R then also becomes zero, and the system reaches equilibrium. This 
equation, which so neatly describes the growth of a population under our 
postulated conditions, is called the logistic equation, and it has been 
known since the work of the Belgian mathematician P. F. Verhulst in the 
middle of the last century. 

The logistic equation describes changes in rates of growth of popula- 
tions. Growth is slow at first, becomes faster and faster until a maximum 
is reached, and then falls away finally to zero. A graphical plot of the 
logistic equation therefore yields a parabola as shown in Figure 22.2. 
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Figure 22.2 


But a graph of the numbers living at any instant is, as we have seen, ap- 
parently sigmoid. Sigmoid curves are described by exponential equa- 
tions, in form quite unlike the logistic equation. An exponential equation, 
defining the numbers of animals living at any instant of time, can be 
derived from the logistic equation, although the mathematics is not sim- 
ple. One form of the derivation is as follows: 


Where 
R=rate of increase of whole population 
r= intrinsic rate of increase 
N = number of individuals 
K = maximum supportable number of individuals 
t= time 
N 
= BauN: 1 
R=rN (i %) (1) 
or 
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Equation 2 defines a sigmoid curve, but there is no need to follow this 
formal derivation in order to understand the significance of the logistic 
hypothesis to ecology. 

When constructing the logistic equation we assumed that population 
growth was directly influenced by the extent of crowding. It is our hypoth- 
esis that competition and other repressive effects will become propor- 
tionately stronger as the population becomes more crowded, which is to 
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say as it becomes denser. Ecologists say that such effects are density 
dependent. Any direct evidence that populations of animals or plants are 
normally under density-dependent control, should support the belief that 
the logistic equation is a realistic model of natural events, even if a crude 
one. Conversely, any successful manipulation of the logistic equation to 
predict natural events should encourage the belief that populations in 
nature are, indeed, regulated by density-dependent factors, particularly 
perhaps by competition for food. Ecologists have worked hard at both 
these approaches; sometimes seeking evidence for competition and other 
forms of control by crowding, at other times erecting mathmatical 
models derived from the logistic equation so that these models may be 
tested by experiment or against the experience of naturalists. Both ap- 
proaches have involved extensive work with populations of simple ani- 
mals kept in the laboratory. It is convenient to consider first the approach 
of using experimental animals in attempts to discover how the control 
assumed by the logistic model might work in practice. 


The geneticist’s fruit fly, Drosophila melanogaster, thrives under simple 
care. The maggots grow well in a mash of banana or in a synthetic 
medium based on agar jelly. The adult flies need yeast plants, both as 
food and as a stimulus to lay eggs, but yeasts also grow well on banana 
mash or agar. An enclosure for healthy fruit-fly living can be made by 
pouring jellied maggot food into half-pint milk bottles, letting it set, and 
placing an inoculum of yeast on top. Fruit flies are so tiny that the air 
space in a half-pint milk bottle apparently provides comfortable room for 
hundreds of them. They come down to the surface of the medium to feed 
on the growing yeasts. They mate readily, and lay their first eggs the day 
after emerging from their pupae. The eggs hatch after one day, the larvae 
are big enough to pupate in four days and four days after that (4 days for 
larvae + 4 days for pupae) the next generation of flies emerges. If a cul- 
ture is prepared by putting two pairs of fruit flies in such a bottle, closing 
the top with gauze, and then leaving the bottle quite alone, there will be a 
population history like that described by Bodenheimer (1938) as follows: 
“In the normal culture the number of adults begins to increase on the 
tenth day. The population maximum of 230 adult flies is reached on 
the 23rd day and is maintained with small fluctuations until the 31st 
day. The population then decreases until it is almost zero on the 
50th day. The agar has dwindled away to a thin hard mass by this , 
time and is entirely unfit as a physical environment for the larvae.” 
This population history includes rapid growth, leveling off, and final 
decline and death. The decline and death are obviously results of starva- 
tion when the food is all gone, but the leveling-off process that preceeded 
it should be due to the effects of crowding, on competition for limited 
resource if our logistic model is correct. The simplicity of the milk-bottle 
universe lets us test for ways in which the effects of crowding might work. 
As the generations of flies in a milk bottle succeed each other they 
certainly get more crowded, but there must also be other changes due to 
aging of the cultures; changes in growth of the yeast, reduction of the 


medium, accumulation of corpses and excretory products, and other 
things like these. A first step in the analysis of crowding should be to try to 
separate the effects of the crowd itself from the accumulated effects of 
those who have gone before. An early experiment achieved this. In 1922 
Pearl and Parker made a number of fresh Drosophila cultures some of 
which were crowded, and some not, right from the first day. They made 
up a series of bottles stocked with different numbers of flies ranging from 
one to 50 pairs in a bottle. The living conditions of the crowded flies 
were thus quite the same as those of the lonely flies; except that they 
were members of a crowd. After 10 days the flies of the next generation 
began to hatch from their pupae, and Pearl and Parker could keep count 
of the breeding success of the different cultures in terms of adult offspring 
produced. There were, not surprisingly, many more new flies in the bot- 
tles which had started with most parents, but their numbers were not 
proportionately more. When Pearl and Parker calculated the yield of 
flies per female, they found that the number was less in the crowded 
bottles. There was an inverse relationship between population density 
and yield of flies, showing that crowding in otherwise identical condi- 
tions was alone sufficient to depress reproductive success. 

But Drosophila melanogaster is a holometabolous insect, which is to 
say that it has a complicated life history of egg, larva, pupa, and adult. 
Any of these stages could be crowded, so that changes in the yield of 
adult flies could reflect suppression of eggs, or larvae, or pupae, or the 
parent flies themselves. There seemed little reason to believe that 
crowded pupae should hatch any less successfully than lonely pupae, 
and observation of the cultures produced no evidence of untimely deaths 
of the crowded adult flies; which left suppressions of the eggs or larvae as 
being the most likely explanation of the effects of crowding. 

Pearl (1932) took advantage of the fact that the eggs were laid in plain 
view at the surface of the medium to see if the effects of crowding were 
reflected in success at laying and hatching eggs. This time he arranged his 
series of crowded and uncrowded cultures in inverted bottles with his 
culture medium in watch glasses on the table. Each day he could tap the 
glass of his bottles, which made the flies fly up to the top, and then gently 
lift them off the watch glasses without losing any flies. It was then a 
simple matter to search for eggs on the watch glass with a dissecting 
microscope, to count the daily increment, and to keep a record of hatch- 
ing. The eggs from the crowded flies hatched just as well as those from 
lonely flies, showing that there was no physiological response of crowded 
flies which made their eggs unfertile. But the crowded flies laid signifi- 
cantly fewer eggs per female. In some way, the fact of being crowded 
reduced egg production. 

It seemed likely to Pearl that crowding might be felt most severely 
when the flies were actually egg laying on the little disk of medium, or 
when they were feeding there, but it was also possible that the effects 
were felt when they flew about and mated in the air volume above. He set 
up cultures in different-sized bottles so that the effects of air volume and 
medium surface could be separated. Changing the air volume did not af- 
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fect the findings, and it was possible for Pearl to conclude that a prime ef- 
fect of crowding was reduction in egg laying, which was, in turn, due to 
some sort of disturbance of the flies while they were feeding on the 
medium or during the egg-laying act itself. 

There were still two ways of looking at Pearl’s results: either the flies 
were cutting their egg production in response to subtle pressures of com- 
panionship on the agar, a social response that should have deep implica- 
tions for population theory, or the flies simply found it hard to get enough 
to eat on that crowded dinner pail and, undernourished, failed to lay as 
many eggs as usual. These possibilities were investigated many years later 
in a beautifully designed series of experiments by Robertson and Sang 
(1944). 

When Robertson and Sang began their studies in the 1940s, much 
more was known about making good food media for Drosophila, from 
the “cookbook” sorts of experience which had come from the many 
laboratories that used Drosophila cultures for experiments in genetics. 
Robertson and Sang compared the successes of series of similar cultures 
on different food media, being able to show particularly that the kind of 
yeast used made much difference to the nutrition of the flies. The flies 
preferred brewer's yeast to the baker's variety. And it was clear that the 
medium Pearl had used afforded a rather poor diet to the adult flies, so 
that any competition for food should quickly lead to malnutrition. When 
Robertson and Sang crowded flies on the best of their media, there was 
hardly any decrease in the number of eggs a female laid. 

Pearl’s results could only be duplicated by deliberately depriving the 
animals of food in such ways as covering part of it with cellophane. The 
reduced yield of eggs in Pearl’s cultures was thus clearly due to malnutri- 
tion brought about by too many flies trying to feed at too small a trough. 
Here was apparently unequivocal evidence that control was brought 
about by competition for food acting through depression of the birth rate. 
Control was, indeed, density dependent, and a simple reflection of the 
energy available to the flies. 

If adults suffered malnutrition when crowded, it seemed likely that the 
larvae should also. This was more difficult to check, because the maggots 
burrowed through the medium and were hard to watch. But Boden- 
heimer (1938) of Jerusalem University, with much labor, managed to 
follow the history of all stages in the life cycle of cultures of flies from the 
moment of introducing the two pairs of adults into fresh containers until 
the final death of the last flies in the exhausted bottles. Bodenheimer used 
a transparent agar medium for food. To make his counts, he would cut the 
agar into thin slices, then count the larvae and pupae in each slice. The 
counts destroyed the cultures, of course, so he established 90 similar cul- 
tures at the start of his experiment, and thereafter sacrificed two each day 
on the altar of quantitative ecology. The results of the pairs of daily counts 
were so similar that he felt confident that his cultures were developing at 
parallel rates, so that he could use his final daily estimates as if they had 
been made on a single growing culture without disturbing the inmates. 
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Population growth in Drosophila bottles as shown by Bodenheimer’ experiments. (A)is the 
reconstructed actual history of a population of flies in a bottle containing culture medium 
from the initial inoculation until the starvation that ensues when all the food is gone. About 
five generations are spanned. Notice that the survival of all stages in the life history declines 
as the population becomes dense. (B) is a calculation of the population history if all the eggs 
laid were able to develop into adult flies. In this model the only check on numbers is 
reduced egg laying. (C) is the calculated population growth if all young survive and egg 
laying proceeds at the rate achieved by the flies of the initial innoculum. Notice that the 
scales on the vertical axis of each graph has had to be changed in order to draw all three on 


the same figure. 
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His results showed that larval death rates, and apparently even pupal 
death rates, increased as the cultures became crowded. 

Bodenheimer expressed his results in the form of a graph (Figure 
22.3a). Pulses of increased egg-laying record the passage of four genera- 
tions of flies before the final catastrophe, and the decreased survival of 
maggots, pupae, and flies with the passage of time are evident. The data 
also enabled Bodenheimer to calculate how many of each later stage 
should have been present each day if all the eggs laid hatched and sur- 
vived to become adult flies (Figure 22.3b), a proceeding that showed dra- 
matically how severe must have been the mortality at later stages. Finally 
Bodenheimer calculated the population each day on the assumption that 
there had been no reduction of eggs laid per female, as well as no mortal- 
ity of later stages before the female flies had laid their normal quota of 
eggs. The result (Figure 22.3c) is eloquent testimony to the effectiveness 
of the crowding mechanism, since Bodenheimer had to shrink his verticle 
axis 2000 times to draw his third graph on the same-sized paper as his 
first. 

In the fruit-fly work there is strong evidence, amounting to proof, that 
the crucial reductions in egg laying by crowded flies was both due to 
shortage of adult food and proportional to the density of the crowd. 
Deaths of other stages are also seen to be density dependent, but they 
have not been shown to be due only to shortage of food, although there is 
a clear implication that this is the ultimate cause, Crowded larvae could 
be interfering with each other, and with pupae, in other ways, by banging 
into each other or because their numerous activities poisoned their 
medium with excretions. Such interference could conceivably control 
population growth even before malnutrition became general. The possi- 
bility of control in ways like these has been extensively studied with dif- 
ferent experimental animals, flour beetles. 


Flour beetles, such as Tribolium confusum, are well-known pests of 
flour mills. They pass their whole lives in flour; burrowing through 
it, eating it, defecating in it, laying eggs in it, hatching, growing as mag- 
gots, pupating, emerging, and mating in it. A heavy infestation spoils the 
flour, making it grey and stinking from the accumulation of feces, ex- 
cretions, and corpses. Like the fruit flies, flour beetles breed quickly; 
and they are even easier to keep for all they need is a box of flour at 
roughly room temperature. Females live and lay eggs for many months. In 
spite of a life spent hidden in flour, the beetles are easy to count for they 
can be sieved out daily, after which the eggs, larvae, pupae, and adults 
can be counted and either returned to the flour from whence they came 
or putin fresh flour. And this sieving and counting seems to have no effect 
on their daily lives; altogether most accommodating laboratory animals. 

Flour beetles were introduced to ecologists when Chapman (1928) 
used them for experiments designed to test his ideas of environmental 
resistance. He grew his beetles in weighed amounts of flour, seeding all 
samples at the rate of two beetles per 4 grams of flour. Every 15 days he 
would sieve them out of their flour and count them. There was always lots 


of flour left after 15 days, so the animals could not be running short of 
food, but Chapman would put them back in fresh flour all the same. He 
continued the experiment for 156 days. His results (Table 22.1, Figure 
22.4) showed that growth in all cultures could be described by the famil- 
iar sigmoid curve. In all cultures, population growth was at first rapid, but 
then tapered off, finally ceasing when there were about 4.4 animals per 
gram of flour. At this density, the populations were apparently in balance 
and were likely to stay so, as long as Chapman cared to change their 
flour every 15 days. But the beetles were not short of food, since they 
were still surrounded with masses of flour, with many times their own 
weight of it, in fact. If the populations were truly controlled by competi- 
tion, by factors of their environment acting in density-dependent ways, 
the control must be something more subtle than simple squabbling for 
food. Chapman’s use of these experiments to measure “environmental 
resistance’ proved to be a blind alley of ecology, but his revelation of the 
conundrum of population control in flour beetles stimulated others to life- 
times of work on the subject. His paper, ‘‘The Quantitative Analysis of 
Environmental Factors,” in which flour beetles made their ecological 
debut, ranks as a classic of ecology (Chapman, 1928). 

Chapman's own answer to the question of control in his flour-beetle 
cultures was “cannibalism.” The beetles were known to eat their own 
eggs if they came on them during their blundering passage through the 
flour. If every time a beetle came on an egg, it ate it, and if both the travels 
of beetles and the eggs were distributed randomly throughout the flour, it 
was obvious that the proportion of eggs eaten before they could hatch 
should go up as both beetles and eggs became commoner, until an equi- 
librium was reached in which the number of eggs eaten was equivalent to 
the number laid in the same time. This process should lead to just the sig- 
moid population history which Chapman observed. To test this hy- 
pothesis, Chapman kept monastic colonies of males only, adding daily to 
their flour the numbers of eggs which he thought should have been laid if 
half their number were females. He changed all the eggs often enough to 
make sure that none could hatch, and could thus assume that all missing 
eggs had been eaten by the beetles. His results showed that more and 
more eggs did, indeed, vanish as the populations of male beetles were 
increased, apparently enough of them to account for all the falling off in 
the apparent egg production of normal colonies of male and female 
beetles together. Here was a simple enough effect of crowding, and one 
quite in accord with the premises of the logistic model. 

But the cannibalism hypothesis, for all the care of Chapman’s work, 
was not the end of the story. Several people independently became 
curious about another possibility; that dirty flour might in some way 
inhibit the activities of the beetles. Thomas Park of the University of 
Chicago performed a famous series of experiments to test this possibility 
(Allee et al., 1949). He kept parallel colonies of beetles in fresh flour and 
in flour in which colonies of beetles had already lived for weeks, and he 
found that there were always fewer eggs in the old-flour cultures than in 
the fresh flour. This was so even at low beetle densities when cannibalism 
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Chapman’s results for the growth of flour beetle populations in different vital ey 
these experiments the flour was always changed at each count, so that in none of the cul- 
tures were the animals ever short of food. Yet population growth always stopped at about 
the same density, 4.4 beetles per gram of flour. Chapman concluded that egg cannibalism 
was the main density-dependent factor leading to population equilibrium. Later work 
showed that reduced fecundity was more important than cannibalism and that many other 
factors were also involved. 
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should have been unimportant, and Park concluded that something in the 
old flour so interfered with female beetle physiology that they laid few 
eggs. He did not at first know what this something was, so he called it a 
“conditioning” of the flour, to show that some particular factor in the dirt- 
iness left behind by the beetles was probably responsible. Its effect was 
temporary, because when he moved beetles from conditioned flour to 
fresh flour, the yield of eggs quickly rose to be equivalent to that of similar 
cultures that had been in fresh flour all the time. Eventually studies in 
Park’s laboratory showed that the conditioning factor was the chemical 
ethylquinone, and that this substance was secreted from special glands 
on male beetles. The males were particularly prone to secrete ethyl- 
quinone when disturbed in the mating act by the arrival of a third beetle. 
The substance was soaked up by the flour and accumulated in the habi- 
tat, there to serve as a population inhibitor which, like cannibalism, acted 
in a density-dependent way. 

Both cannibalism and conditioning may be thought of as aberrations 
resulting from the peculiar habitat of a box of flour. It is quite certain that 
the ancestors of what we call “flour beetles’’ did not live in flour, because 
a world without human millers is a world without flour. Presumably, the 
ancestors of the modern Tribolium populations were content with the 
humbler role of eating seeds. Egg cannibalism might have been a rare 
event then; certainly a happening unlikely to have so dramatic an effect 
in limiting population. And it is not hard to imagine, in the years before 
millers, uses for chemical excretions by males angry at being disturbed 
while copulating, uses which need not involve suppression of egg laying 
by their mates. These regulatory devices of cannibalism and conditioning 
must, in a sense, be properties of the experimental system. Knowing 
about them does little to help us understand how a balance in flour-beetle 
numbers might be established in nature. There should be other regulatory 
devices at work. 

A direct hint that there are other subtle, but very potent, regulatory 
devices unleashed in crowded Tribolium populations came from the 
studies of Janet Boyce (1946), then a doctoral candidate at the University 
of California. Boyce wished to find out what would happen to egg 
production, if the flour was always fresh but the beetles were still forced 
to crowd, not just eggs surviving cannibalism as Chapman measured, but 
actual egg production as number of eggs laid. She changed her flour so 
often that no effects of conditioning could be detected in contro! popula- 
tions. She also took all of the eggs out of her cultures every five days and 
replaced them with the same number of fresh eggs, a procedure that 
made sure that no eggs ever hatched. There were never any larvae in her 
cultures, and the numbers of adults were kept constant by replacing any 
that died. The only population events that were possible were the 
increase of eggs through laying and the decrease of eggs through canni- 
balism. In the first few days of the history of any of these cultures, the eggs 
present at the daily count rose, but there always came a time when the 
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cannibals took as many as were laid so that the egg content was constant 
as shown in Figure 22.5. Boyce then plotted the daily increment of eggs 
in early days when the egg population was rising, against the number of 
eggs present. Extrapolating such curves to day-zero gave her an estimate 
of the number of eggs that would have been laid in a day without canni- 
balism in any particular culture as shown in Figure 22.6. Boyce per- 
formed similar extrapolations for a series of ever more crowded cultures, 
finding the rate at which females laid eggs in each. Her results strongly 
suggested that egg-laying rates did, indeed, go down as the animals were 
more crowded (Figure 22.7). It seemed clear that the lowered yield of 
eggs per female beetle which had been apparent in everybody's daily egg 
counts of crowded populations was only in part a result of the eggs being 
eaten almost as fast as they were laid. Many less eggs were, in fact, laid to 
be eaten. This conclusion of Boyce’s has since been confirmed by one of 
Park’s students, Rich (1956), who invented a way of marking beetle eggs 
for future reference, without hurting them. He kept gravid females in 
tinted flour, which so stuck to the gluey cases of the eggs they laid that he 
was provided with a supply of tinted eggs. He could add his marked eggs 
to active cultures at constant rates, then record the rates of cannibalism in 
those cultures by recording the disappearance of tinted eggs. The same 
rate of cannibalism could be assumed for the unmarked eggs actually laid 
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Figure 22.7 


Average number of eggs per adult per day 


64 
Density of adults (pairs) 


Daily egg production of Tribolium confusum. A, average number of eggs per day that would 
appear at different densities of adults if there were no cannibalism and no reduction in 
fecundity. B, average real fecundity per adult per day. C, average apparent fecundity per 
adult per day. A minus B at éach density will give an approximation of the reduction in real 
fecundity for each density, B minus C at each density will give an approximation of the egg 
reduction due to cannibalism for each density. (From Boyce, 1946.) 


within the culture, and so a number equivalent to those taken by canni- 
balism could be added to the recorded yield of the culture to give him the 
actual egg production. Like Boyce, Rich showed that egg production per 
female fell in crowded cultures, even when they were kept in fresh flour. 

Some idea of how crowding in clean flour can affect egg laying has 
come from further studies in Park’s laboratories and elsewhere. Beetles 
may mate too little, or mate too much; the blundering passage of too 
many beetles through the flour may interrupt each other’s mating; there 
may be specially favored places for egg laying even in a simple container, 
and these may be competed for, and so on. The list of ways in which too 
many beetles are known to restrict egg production or egg survival is thus 
long; it is certainly by no means complete. 

But all the other stages in the Tribolium life cycle must also be subject 
to similar mechanisms. There is evidence that larvae eat pupae; that old 
adults eat young adults; that larvae eat eggs; that male beetles often so in- 
jure females with their thrusting male organ that the females die; that 
crowded males try to copulate with each other, sometimes inflicting 
serious injury; and so on (Park et al., 1965). Any one, and any combina- 
tion, of these density-dependent control mechanisms can act to check the 
population growth as the beetles become more crowded. It is quite cer- 
tain that there are many other possibilities not yet explored, even in the 
lifetimes of work which have been devoted to the subject. But the studies 


do provide clear evidence that almost any kind of mechanism which you 
can imagine for the density-dependent control of a population can, in 
fact, work with real animals. And they can work to limit populations well 
below the level at which competition for food becomes serious. 

The work with these various experimental animals, with Paramecium, 
fruit flies, and flour beetles, as well as with many others, has shown con- 
vincingly that populations of real animals can be controlled by density- 
dependent factors in the manner required by the logistic model. They 
may be controlled by starvation, which is to say by simple competition 
for dwindling food, or they may be controlled by other density-dependent 
mechanisms. It is very clear, however, that the logistic model can only be 
a very simplified analogy of what actually happens. In the equation 


R=0N (1) 


the carrying capacity of the environment “K’’ is set by whatever limits the 
density of the animals, and may usually be expected to have many com- 
ponents. In some simple systems, as perhaps in Paramecium cultures or 
the egg laying of fruit flies, K may be set by direct competition for food; 
but more usually a complex of many factors must set K, as the Tribolium 
studies so clearly show. The matter is made more complex still by the fact 
that different mechanisms may be at work in different stages of the lives of 
the animals. In the holometabolous insects so widely used for laboratory 
studies, this difficulty is readily apparent. Eggs, larvae, pupae, and adults 
are, in a sense, different organisms, depending for their survival on dif- 
ferent mechanisms. Any long-term population balance for the whole 
species must be an integral function of the production and survival of 
each stage in the life history, so that a realistic mathematical model of the 
growth of such a population must be very complicated. | believe it safe to 
say that even computer simulation has not yet produced a reasonably 
complete model of the population growth of flour beetles in flour. And 
this difficulty does not only apply to animals with complex metamor- 
phoses; consider only the changing foods and habits involved in growing 
a big fish from a tiny egg. 


But the real justification for undertaking so much painstaking work with 
laboratory populations has always been that it might be possible to es- 
tablish, by experiment, generalizations that should help our under- 
standing of nature; thus have physicists so beautifully proceeded from ob- 
servation, to model, to experimental test, to satisfying generalization. It is 
necessary to look at the work with laboratory animals with this general 
justification in mind, and to see in what ways we have been rewarded. 
We have started by making a model, the logistic model, of a population 
that grows rapidly, is damped, and is finally brought into a state of bal- 
ance. This model apparently represents what actually happens in simple 
cultures, but it is by no means certain that the balance of nature, which 
we seem to see around us, has come about through such an history. We 
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really have to face the fact that our model describes not natural events ex- 
actly but the results of earlier experiments in the laboratory. It should not 
be surprising that subsequent similar experiment finds the conditions of 
the model to be substantially correct. 

And then, the design of any laboratory experiment in which animals 
are kept alive automatically ensures that the conditions of the logistic 
model are met; for we must limit the space assigned to the animals, and 
we must feed them to stop them dying. We divorce our animals from 
those complex interactions of nature which make up the parameters of 
their real niche, and force them to find a simpler niche within limits of our 
own contriving. If we make animals compete for food, we should not 
draw too much conclusion from the fact that then they do compete for 
food. G. E. Hutchinson has an elegant way of expressing this dilemma, 
telling his students that he who designs a population experiment with lab- 
oratory animals is really making himself a simple analog computer. The 
behavioral responses of the animals are like the pulse inputs of computers 
using an electric input analog. The animal experiment can thus be 
designed to yield any desired result. When you wire an analog computer 
to an X-Y plotter, the instrument draws graphs depending on the equa- 
tions which you direct it to solve. The growth curves coming out of your 
population experiments are likewise dependent on the ‘data’ which you 
feed to the system. 

These difficulties mean that we cannot rely very much on the results of 
simple population-growth experiments for an understanding of the pro- 
cesses leading to the apparent balance in nature. For all that the many sig- 
moid histories of such populations now on record can show, it remains 
but an hypothesis that the logistic model is applicable to wild popula- 
tions. That laboratory animals compete, or are regulated by tensity- 
dependent factors, is not evidence that wild animals so compete or are 
regulated. 

The hypothesis of competition leading to natural balance is, however, 
interesting and plausible, and much effort has gone into finding more 
valid tests for it. There have been two general approaches to the problem. 
Some have studied wild populations, seeking evidence for competition 
and density-dependent regulation devices; all the field studies of popula- 
tion problems can be considered to serve this purpose. And others have 
tried to manipulate the logistic model to predict natural consequences. 
This last method has led to some of the most penetrating of the under- 
standings of modern ecology. 


When animals of the same kind compete together for limited resources, 
the effect is apparently to restrict the size of their population so that the 
species persists, but what happens if individuals of different species 
compete for the same resources? Is there a desperate struggle in which 
one kind of animal is totally eliminated, or does the battle go to a draw 
so that each persist with reduced and restricted populations? These al- 
ternatives could be investigated by the logistic hypothesis, through 
developing a pair of logistic equations to describe the growth of each 
separate population in the presence of the other, and then solving the 
equations simultaneously to find the relative sizes of the two popula- 
tions when both had ceased to grow. Such pairs of equations, known as 
the Lotka-Volterra equations, predict that coexistence between strongly 
competing species is impossible, one of them always being eliminated in 
the struggle. Only if they compete very weakly is coexistence ap- 
parently possible. These predictions were tested by Gause, in perhaps 
the most important experiments of ecology, when he cultured together 
various pairs of species of small animals in conditions carefully con- 
trived so that the animals must compete. In such conditions one species 
was always eliminated, as the predictions said it must be. Only if the 
animals could avoid competition in some way did both species survive 
in the experimental chambers. These results allow the stating of a gen- 
eral working principle, that of competitive exclusion, or one species: 
one niche. The suggested, and grand, implication of this principle is that 
the results of the great struggle for existence of which Darwin wrote are 
not more competition but the avoidance of competition. A fit animal is 
one that avoids competition, living free from the necessity to struggle 
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with others in its own specialised niche. But it can be argued that the 
principle is not strongly established by experiments with animals in 
laboratories, because the competitions which we observe in our experi- 
ments are contrived, having been arranged by the experimenter himself. 
It is thus necessary to test the principle of competitive exclusion against 
evidence of how animals live in wild nature. 


If two kinds of animal are forced to eat the same food, they must com- 
pete for it. But what should be the result of such competition? Should it be 
normal for some conquering species to utterly suppress the other, as the 
goats suppressed the Abingdon tortoises? Or should competition between 
adversaries better matched than goats and tortoises lead to coexistence, a 
balance of power? There are many species in nature, but only one ul- 
timate food source. Are all the kinds of animals about us struggling for the 
same food in the same way, so that they reach a straining balance like 
titans wrestling? Or is the outcome of any conflicta local annihilation, so 
that the sounds of struggle are muted as contestants avoid each other? To 
distinguish between these two propositions is a prime task of ecological 
thought. 

Competition between species should be different only in degree from 
competition between individuals of the same species. If the logistic 
model truly describes intraspecific competition, it should be possible to 
expand it to describe interspecific competition as well. More, it should be 
possible to predict the outcome of such competition between species, 
enabling ecology for once to proceed by the classical scientific method of 
devising experiments to test mathematical predictions. 

A model for predicting the outcome of competition between species 
living in the same space and on the same food was developed from the 
logistic equation by two mathematicians working independently in the 
early part of this century, Vittorio Volterra in Italy (Chapman, 1931) and 
Alfred Lotka (1925) at Johns Hopkins University. 

If we call the two competing species 1 and 2, then the population 
growth curve of species 1 living alone is 


N 
Ry=riNy (i - mY 
and the population growth curve of species 2 living alone is 
N. 
Ro = taNo (i = Ba) 


We must now derive a pair of equations to describe the growth patterns of 
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the two populations when grown together. At first, the growth rate of 
neither population will be influenced by the presence of a few individuals 
of the other species, because there is still lots of space and food. But when 
the animals are numerous, such that N, approaches K, or Ns approaches 
Ky, the effects of competition should be significant. Competition must be 
dependent on numbers and the strength with which each individual is 
able to compete. The growth curve of a population of species 1 in the 
presence of species 2 is, therefore, given by 


where a is the coefficient of competition of population 2. If population 2 
does not compete, contrary to our expectations, then @ will be zero, aN2 
will also be zero, and the history of population 1 will be quite unaffected. 
But if there is competition, then aN, will be positive, will combine with 
N,, and will reduce the term 


(eo 
K, K, 


to zero before the saturation value of population 1 is reached. Assigning 
the coefficient B to represent the competition of the other species we may 
write a pair of equations as follows: 


N, _a@N 
= SIN? 
Ria ns (1-22) 
N Ba) 
= pee Pe 
R= reNo (1 Ke Ke 
The outcome of the competition between the species would be revealed 
when finally the system came to equilibrium. The growth rate of neither 
population must then change, and R,; and Ry must both equal zero: 


R,=R,=0 
N,_ @N. N. a) 
es iNg Ss SINGH ae ING = 
and riN, (i K, K, ) T2No (i Ke Ke 0 


These equations may be written in differential form as follows: 


ita K, Ky 
dNo _ —Sa_ BM) 
ae NA a 


when they may be solved simultaneously to show that coexistence of 
strongly competing populations is not possible. If they are forced to share 
food and space, one population will always displace the other. The titans 
do not long hold the strain; rather, one scores total victory. This conclu- 
sion is so important that it is best to try to understand clearly why it is a 
necessary consequence of the model. 
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There are four possible ways the competition may take: 


Model 1 Species 1 may compete much more strongly than species 2 (8 is large com- 
pared with a). 

Model 2 Species 2 may compete much more strongly than species 1 (a is large com- 
pared with B). 

Model 3 Both species compete strongly (a and £ are both large). 

Model 4 Both species compete weakly (a and 8 are both small). 


The simplest model to consider is one that allows only one species to 
compete strongly. Let us first suppose that species 1 is the strong competi- 
tor, making @ large and a small (Model 1). The inhibitory effect of any 
individual of species 1 on its own population is 1/K, and on the popula- 
tion of species 2 is B/K». If an individual of species 1 treats an individual 
of species 2 as one of its own kind B = K./K, = 1 and it is clear that for 
species 1 to compete more strongly with species 2, 8 > K./K,. If the recip- 
rocal competition is weak, we have 


a< 7 and p> re 

To understand the necessary outcome of such competition, it is conve- 
nient to express the possibilities on a diagram. This can be done by plot- 
ting all possible combinations of the two species as number of species 1 
against number of species 2. If alone, species 1 can have no more than K, 
individuals. If it lives with Ks individuals of species 2, there must be K,/a 
individuals. The line K,, K,/a therefore represents all possible numbers of 
species 1. Conversely, the line Kz, K2/B represents all possible numbers of 
species 2. When species 1 is the stronger competitor, as above, we have 
the graph shown in Figure 23.1. In any mixture of the two populations 
whose plot falls in the white hatched area, species 1 can still produce 
more individuals while species 2, already above its saturation value, 
must decline. The plot of the species composition will move steadily to 
the right as the relative success of species 1 proceeds, until finally, at k; 
only species 1 is left. 

In the second of the possible models, species 2 is the stronger competi- 
tor such that @ > K,/K, and B < K./K,. The outcome of this competition 
is illustrated in Figure 23.2. Now the area between the lines of maximum 
abundance is shaded black to show that species 2 may increase in it 
whereas species 1 must decline. The competition ends at K, with only 
population 2 surviving, and there is an equilibrium population of Kz indi- 
viduals of species 2 having the habitat to themselves. 

In these models of competition between the strong and the weak, there 
can be no surprise that the strong is predicted to achieve an annihilating 
victory. That victory should be just as complete when the strong meets 
the strong is not, however, so intuitively obvious. When the strong meets 
the strong a > K,/K, and B> K./K, 


then A ZK anda hi K, 


B 


Figure 23.1 


Figure 23.2 


so that the lines describing possible populations of each cross as illus- 
trated in Figure 23.3. In the black triangle, species 2 can expand but not 
species 1, and a plot of the relative populations will move to the left with 
time until only species 2 remains. But in the white triangle, species 1 is 
favored, and the competition proceeds until K, individuals of species 1 
have the habitat to themselves. The outcome of the competition between 
mutually strong contenders thus depends on the initial concentrations of 
the two populations, but the final victory is always absolute. There is also 
a theoretical possibility of equilibrium at point S, where the two popula- 
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Figure 23.3 


tions are beautifully balanced so that both persist. This is so unstable an 
equilibrium, however, that with populations of real animals the chance of 
its being maintained are vanishingly small. 

There remains the fourth model, that of populations which compete 
only weakly. When the weak meets the weak a < K,/K, and B < K2/K,so 
that K,/a > Kz and K,/B > K, when a plot of competing populations is 
as shown in Figure 23.4. The white triangle in which species 1 has the ad- 
vantage is now at the left of the diagram, and the plot of a population mix- 
ture in this region must move to the right with time. But when point E is 
passed, the plot enters a black region where species 2 should be favored. 
The tendency would be for the relative proportions to move back to the 
left. Thus, there should be a stable equilibrium at point E so that both pop- 
ulations persist indefinitely. For weakly competing populations, then, the 
Lotka-Volterra equations predict that both should persist indefinitely, 
their populations fluctuating only gently about equilibrium levels. 

If the assumptions on which the Lotka-Volterra model is based are true, 
species can coexist in confinement only if they scarcely compete. When- 
ever strongly competing animals meet, there should be a struggle for exis- 
tance which must result in the total victory of one of them. This is a 
prediction so definite that ecology in the 1930s seemed for once to be 
really in the position of classical physics, to be on the verge of erecting a 
body of knowledge based on hypothesis tested by experiment, which 
experiment should yield a refined hypothesis to be tested by further 
experiment, and so on. 

The crucial experiments were performed not by Lotka or Volterra, but 
by the Russian, G. F. Gause, working at the University of Moscow. Gause 
(1934) used as his experimental populations yeast plants and protozoans 


Figure 23.4 


of various kinds, plants and animals which should be small, simple, and 
fast growing. Their simplicity was particularly important to him, because 
simple animals may have simple wants, which means that you can 
choose species that are virtually certain to compete in the simple systems 
you construct for them. Gause’s work with different species of 
Paramecium provides, perhaps, the most striking of his tests of the Lotka- 
Volterra predictions. | have described already (Chapter 22) how he grew 
Paramecium caudatum in centrifuge tubes, spinning the animals down 
daily to change their water and add a fresh supply of oatmeal medium. 
Bacteria fed on the oatmeal and the paramecium fed on the bacteria. 
Gause found that all the species of Paramecium which he tried thrived in 
such tubes of medium. The resulting habitats were so small that he could 
keep many duplicates and controls, meticulously meeting the require- 
ments of correct experimental procedure. And he found that whatever 
species of Paramecium he grew alone in these tubes, the population 
growth was of the expected sigmoid form described by the logistic equa- 
tion. In different species, inocula of 40 animals developed into stable 
populations of from 4000 to 20,000 in each of his tubes. 

The species of Paramecium are so similar that they are hard to tell 
apart. They thus might be expected to have similar requirements and to 
compete strongly. It must have been with considerable excitement that 
Gause chose two cultures to grow together in a crucial test of the Lotka- 
Volterra prediction. He chose Paramecium caudatum, a relatively large 
and slow-growing species, and P. aurelia, a smaller and faster-growing 
species, for the great adventure, and inoculated a set of his tubes with a 
few individuals of each. In the early days, both species flourished and 
both populations grew. This was well, for the crunch should only come 
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Figure 23.5 


“Volume” 


Days 


Competition between species of Paramecuim. Example of data used by Gause to 
confirm the Lotka-Volterra prediction that closely related species could not coexist 
when forced to share the same niche. Under the conditions of this experiment 
(daily changes of water and constant inputs of food) Paramecium aurelia always 
persited while Paramecium caudatum died out. Gause was able to alter conditions 
so that P. caudatum could inevitably win the competition instead. Notice that the 
size of each population is expressed in volumes, a device used by Gause to elimi- 
nate the effect of different sizes of the two species from his graphs. (After Gause, 
1934.) 


when the animals become so numerous that there would be many hungry 
mouths ready for the daily input of food. In each tube, the population of 
P. caudatum leveled off first, then began to decline, while that of P. 
aurelia went on growing. Eventually, Gause could find few or none of the 
once flourishing P. caudatum populations. In every tube P. aurelia thrived 
alone, occupying the space as if it had started there alone (Figure 23.5). 
The prediction of the Lotka-Volterra equations was fulfilled, This was 
inevitable victory by the stronger, suggesting that competition followed 
Models 1 or 2. 

Elton’s concept of the niche provides a convenient term for describing 
the events in Gause’s tubes, and we say that the niche requirements of P. 
aurelia were more closely met by the conditions of life that Gause im- 
posed than were those of the vanquished P. caudatum. But P. caudatum 
is a good species that thrives in nature. It must have slightly different 
niche requirements to those of P. aurelia, and if we knew what they were, 


we should be able to rig the conditions of life in the tube so that P. 
caudatum became the stronger, favored competitor. Then P. caudatum 
should triumph, and P. aurelia should die out according to the Lotka-Vol- 
terra prediction. Gause already knew, from Woodruff’s (1913) studies on 
succession in protozoa (Chapter 8), that some protozoa were able to 
compete by secreting substances which suppressed rivals. His daily 
changing of the water should remove such substances, thus removing the 
advantage of the species which relied on them. He decided to alter his 
experimental method, leaving the old water in and adding the daily dose 
of food energy as a concentrate. Any secretions of the animals should be 
preserved in the tubes. Then Gause tried P. aurelia against P. caudatum 
again, but this time P. caudatum thrived while the old victor, P. aurelia, 
declined to extinction. 

Gause made many other experimental tests of the Lotka-Volterra 
predictions, using yeasts as well as Protozoa. His systems were always 
simple: small closed containers with food energy supplied in one simple 
form. The possibilities of different ways of life in these containers were 
deliberately small so that the animals should compete. There was little 
chance of the animals avoiding the competition by living different lives, 
by occupying different niches. And then one of Gause’s Paramecium 
experiments had an unexpected outcome; both populations persisted. 
When Paramecium aurelia and P. bursera were grown together, neither 
became extinct, but the population of each leveled off at about half the 
number it would attain when alone. Gause (1936) soon saw why this was 
So. One species took to living in the top half of the tubes, while the other 
took to living in the bottoms. It was possible to find two niches even in so 
simple a habitat. P. aurelia and P. bursera avoided competition by living 
in different ways so that neither became extinct. This was the Model 4 of 
the Lotka-Volterra formulation, that which allowed coexistence if compe- 
tition was substantially avoided. 

Gause could now conclude that the Lotka-Volterra predictions were 
verified, so that their predictions could be stated as a working principle. It 
is known as the Gause principle, or the Principle of Competitive Exclu- 
sion, and may be stated as 


“Stable populations of two or more species cannot continuously 
occupy the same niche.” 


or, more simply, as 
“One species: one niche.” 


Others have followed Gause’s example, chosing their favorite animals 
and matching species against species. Provided the systems were simple 
enough, the results have always been as expected; one population of 
strongly competing pairs has always died out; until very recently. In 
December of 1969, F. J. Ayala of Rockefeller University reported that 
strains of two species of fruit fly, Drosophila pseudoobscura and D. ser- 
rala, were apparently able to coexist in culture bottles indefinitely. There 
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seemed no obvious way in which the flies could have divided up their 
culture bottle habitat as had Paramecium bursera and P. aurelia in 
Gause’s experiments. The adult flies flew about, laid eggs, and fed 
together; the larvae burrowed through the agar and pupated together; 
every seven days an anaesthetic quieted the adults of both species 
together so that they could be moved to fresh bottles together. These 
animals must surely be competing strongly, apparently in defiance of the 
principle of competitive exclusion. Must we abandon it after all? Ayala 
considered that the only way in which his results were compatible with 
the principle was for the two species to be really occupying subtly dif- 
ferent niches, so that, against all evidence to the contrary, the history of 
his fruit flies was, indeed, comparable to that of P. bursera and P. aurelia. 
He put forward the hypothesis that this must be so, that 


a< a and B< & (Model 4) 
2 1 

and set out to determine a, B, K;, and Kz for his animals by direct 
measurement. He could calculate the saturation values by growing Ni 
and No in his coexisting cultures. From these figures he was able to 
calculate a and f. His values showed that the conditions of Model 4 were 
not met. Apparently, the predictions of the Lotka-Volterra equations were 
not verified for populations of fruit flies, and Ayala concluded that com- 
petitive exclusion, as a general principle, must be discarded. 

But there is a much simpler explanation of Ayala’s results. Fruit flies 
during their life cycle occupy a series of different ecological niches; the 
adults fly and feed on yeast; the larvae burrow through agar; the pupae 
rest and must not suffer interference. It is possible for fly to compete with 
fly, and species 1 to be the victor. It is also possible, at the same time, for 
larva to compete with larva so that species 2 is the victor. All that is 
needed for coexistence is for these two processes to be equal and op- 
posite, perhaps each fluctuating with slight variations in temperature or 
other environmental parameter. Ayala’s work provides a beautiful ex- 
ample of the difficulty of applying simple models to real animals. Fruit 
flies, like all holometabolous insects, change their ways of life at in- 
tervals, occupying a series of niches, and the exclusion principle must be 
applied niche by niche if it is to have any validity. 

Theré is, however, a more serious general criticism of Gause’s work. 
Like the attempts to study competition in single species populations, his 
results are open to the objection that the experimental populations were 
no more than analog computers which obediently followed the programs 
made for them. The exclusion principle may fairly be likened to a mathe- 
matical theorem, reflecting the mathematical formulation on which it is 
based, and it is indeed sometimes referred to as the Gause theorem. As a 
theorem it is true in the same sense that Pythagoras’ theorem is true. If 
data required by a true theorem are fed into a computer, we should ex- 
pect that the predictions of the theorem are fulfilled. Gause’s experi- 
mental results can be held to reflect no more than this. 


And yet the possibility that the exclusion principle really is sound, that 
Gause’s: results reflected more than obedient computing by his experi- 
mental animals, has far-reaching implications for biology. It shows us 
how we might understand the most central of biological problems, the 
diversity of species. Why are there so many different kinds of plants’ and 
animals? Darwin had shown us how species had their origin in common 
stocks from which they were separated by natural selection, a process 
long known as “survival of the fittest.” But what was the “fittest” and why 
should there be so very many different kinds of these fit animals and 
plants? The idea of competitive exclusion offers an answer to these ques- 
tions. A fit animal or plant is one that avoids competition by adopting 
some private way of life, its niche, which is all its own. Species result not 
so much from a struggle with others for existence, but from a process of 
avoiding such struggles. This truly ecological way of looking at evolution 
and the species problem has many exciting possibilities. It has led to 
much study of ways in which the principle of competitive exclusion can 
be tested against the real world and the experience of naturalists. 
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A practical test of the exclusion principle may be found in the experi- 
ence of taxonomy, for the niches of animals and plants are reflected in 
their shapes. Each unique species, with its unique shape, thus has a 
unique niche, making the “one species: one niche” idea easy to accept. 
But, more than just being unique, species could now be seen as devices 
to avoid competition. The carrying capacity of any place was divided up 
into discrete portions, each the undisputed property of the animals or 
plants occupying the appropriate niche. All populations living in one 
place must thus be significantly different from their neighbors, a conclu- 
sion which gives particular interest to instances of close relatives living 
together; the so-called closely related sympatric species. Studies of such 
sympatric pairs have, in fact, always shown them to be avoiding compe- 
tition in some special way. Sympatric pairs of cormorants, weaver birds, 
big game ungulates, and cone shells all eat different food. American 
warblers which eat the same caterpillars, from the same trees, neverthe- 
less hunt in such different ways that each has a private portion of the 
crop. Animals and plants of the plankton may use the open water in 
turn, and plants may be unpalatable to all but specialist herbivores. The 
many studies of related wild animals and plants living together which 
have now been undertaken leave very little doubt that direct competi- 
tion is very rare in nature. But we must then ask how such specialized 
feeding habits were developed, and we have gained insight into this 
question from a number of studies which suggest what happens when 
slightly different populations, long isolated by geographical accident, 
are brought together. It seems that extreme types from each population, 
those who might compete least, are favored, a phenomenon called char- 
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acter displacement. When potential competitors accidentally come 
together to share the same living place, therefore, it seems that two pos- 
sible things may happen. Either there is direct competition, which 
results in the total elimination of one population by competitive 
exclusion, or there are individuals in each population sufficiently dif- 
ferent to avoid competition, and the offspring of these individuals are 
favoured by selection, a displacement of character that results in two 
new noncompeting species. 


The story of Lotka, Volterra, and Gause sounds like a connected series of 
isolated events; of brilliant men on their own stepping forward with one 
new insight, each of which triggered some new light in another. But in 
truth it was not quite like that. Ecologists everywhere brooded long on the 
implications of competition, and very many had in their minds an idea of 
how the concept of niche must aid an understanding of the species 
problem. Gause’s experiments made clearer the implications of niche, 
and led to more formal statement of the exclusion principle, but a general 
test of the principle was already at hand, showing how it could be 
received with such satisfaction by biologists. The test lay in the experi- 
ence of classical taxonomy. 

Species are classified by shapes of their bodies, but these shapes reflect 
function so closely that you can usually deduce much about the niches 
animals occupy merely by looking at a corpse; talons mean a carnivore, 
hooves means fleetness of foot, opposing thumbs mean climbing trees, 
and so on. The deduction of niche from shape is what palaeontologists do 
every time they reconstruct the life of an extinct animal. To a remarkable 
extent, therefore, museum taxonémy had already tested the exclusion 
principle; indeed, taxonomists may be said to have found it on their own, 
for there are groups of organisms whose shapes are so similar that they 
have been classified by function. Pathogenic bacteria may be classified 
by testing them against a host, and parasitic nematodes by the plant hosts 
in which they are found. This experience of classical taxonomy explains 
why the exclusion principle could gain ready acceptance as a working 
tool. A species could be thought of as a morphological expression of the 
animal's way of life, of its niche, Animal and plant species were unique; 
they reflected unique niches; one species, one niche. 

But the exclusion principle implied something still more fundamental 
than this, for it implied that niches were developed to avoid competition 
for energy. When in its own niche, an animal triumphed; it was not then 
engaged in an endless struggle with other animals. Speciation was not SO 
much a struggle for existence as a device for avoiding such struggles, 


even though competition was used to decide the boundaries of niches. 
This is a profitable way of looking at evolution. When we seek to discover 
the role of an animal in the community, that collection of responses and 
activities which Shelford once called its mores and which Elton later 
called its niche, we must particularly look for the ways in which the 
animal avoids competing with its neighbors. 

Within a few years of the publication of Gause’s main work in English, 
in 1934, many scientists were looking at animals with the exclusion prin- 
ciple in mind. The implications of the principle became particularly inter- 
esting for pairs of closely related species which lived close together, 
species which are called sympatric (literally “same country”), because 
such species might be expected to have similar niches and, therfore, be in 
danger of competing. How might pairs of sympatric species avoid compe- 
tition? In the 1930s, David Lack, now director of the Edward Grey Institute 
of Ornithology at Oxford University and the doyen of British bird men, set 
himself the task of testing the exclusion principle against all the pairs of 
closely related sympatric species in the British list. He could not find 
enough data on feeding habits to be sure about many, but for all those for 
which there were good data he was able to show that they fed differently 
(Lack, 1944, 1945). One of nicest sets of data was for the two species of 
British cormorant, the common cormorant Phalacrocorax carbo and the 
shag Phalacrocorax aristotelis. These two birds look so alike that they 
can often fool an amateur (Figure 24.1). They live on the same stretches of 
shore; they both feed by swimming underwater after fish; they both nest 
on cliffs overlooking the sea; they are both common; they were both 
hated by fishermen for stealing their livelihood. This last provided the 
data that David Lack could use, because the fishermen had once been so 
vehement in their denunciations that local councils had put a price on 
cormorants’ heads so that they were shot by the thousands. When it 
became apparent even to the fishermen that the slaughter made not a bit 
of difference to the fishing, the councils decided that their money might 
be better spent paying fisheries biologists to report on the diet of the birds. 
The Plymouth marine laboratory undertook the investigation, examined 
stomach contents, and made field studies. Shags, by far the most abun- 
dant of the two species, ate mostly sand eels and sprats, which were not 
commercial fish. The common cormorants ate various things, particularly 
shrimps, and including a few small flatfish but no sand eels or sprats. The 
flatfish were commercial species, but the take was negligibly small and 
the fishermen’s wrath quite unfounded. This was no surprise to ecol- 
ogists, but the data were very much to the point for Lack’s study. The 
food of the two species was obviously quite different, so that they avoided 
competition and the exclusion principle was upheld. The fisheries study 
had shown further how the catching of different fish was ensured, 
because the shags did their fishing in shallow estuaries while the 
common cormorants went further out to sea. Lack was also able to show 
that the nesting requirements of the two birds were different even though 
they did nest on the same cliffs. The shags nested low among boulders or 
on narrow ledges, whereas the common cormorant nested on the high 
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Figure 24.1 


Cormorant 


Mixed diet but no sand eels or 
sprats 


© Eats mostly sand eels and sprats 


Fishes out to sea Fishes in shallow estuaries 


© Nests high on cliffs or broad 
ledges 


© Nests low on cliffs or on shallow 
ledges 


Closely related sympatric cormorants in Britain. These close relatives, so similar to 
look at, get their livings in quite different ways and so do not compete. We infer 
that their ancestors were separated by character displacement and that the species 
were then preserved by competitive exclusion as genetic-isolating mechanisms 
were evolved. 


tops or on broad ledges. In short, these closely related birds, so similar to 
look at, had niches which were quite distinct. In their normal lives they 
were unlikely ever to come into competition. 

This kind of study has now been repeated many times, for the discovery 
of a pair of related animals living together is sure to set an ecologist to 
finding out how; the exclusion principle is one of the few firm anchors in 
his diffuse science, and he can use it as a physicist uses his general princi- 
ple of the conservation of mass; as a base from which he can make his as- 
sault on complexity. 

Three yellow weaver birds of the genus Ploceus bred side by side in 
one colony stretching nearly 200 yards along the shore of Lake Mweru in 
Central Africa, and the man who found them promptly shot a few to see 
what they were eating (White, 1951). The stomachs of one species had 
hard black seeds in them, those of the second soft green seeds, whereas 
those of the third held nothing but insects. 

Rapacious gastropods of the genus Conus, the pretty cone shells of the 
collector, live many species together on Hawaiian reefs; but careful map- 


ping of their distribution shows that they have divided the littoral 
zone into six or more narrow strips so that their ranges scarcely overlap 
(Figure 24.2). They have divided up the feeding grounds in much the way 
that Gause’s Paramecium aurelia and P. bursera had divided up his cul- 
ture tubes; there was a simple physical division of the available space. 
But the Conus species also specialized in food, as Alan Kohn (1959) was 
able to show by keeping them in aquaria or by cutting open wild Conus 
which he saw feeding. Some ate small worms, some ate large worms, 
some ate different sorts of snail, and the deep water species used their 
poisoned darts to catch small fish. The whole series of Conus, so ap- 
parently alike, apart from differences in size and pretty markings, had 
found a set of specialized ways in which they could each carry on the 
trade of poisoned dart-wielding carnivorous snail on the same stretch of 
coast without coming into competition. 

Herbivorous animals are provided with easy chances for food speciali- 

zation by the great variety of plants making up vegetation, the effects of 
such food specialization being particularly obvious among herbivorous 
insects. Any amateur lepidopterist knows that you must get the right food 
plant if you are to successfully rear caterpillars, implying that the closely 
related butterflies which flitter together in clouds over a meadow are 
avoiding competition by doing their growing as larvae on different kinds 
of meadow plant. The plants may be said to force this specialization, with 
specialized chemistry that makes them inedible to all but the specialist 
herbivore (Whittaker and Feeny, 1971). 
The engaging little birds called warblers are mostly so similar, even in 
coloring, that learning to tell all except breeding males apart is one of the 
rials of a beginning bird watcher. In the eastern United States there ap- 
pears each spring a particularly frustrating assortment of them, flying 
north from their Caribbean winters, along common flightways, to their 
common breeding grounds in the woods of New England and eastern 
Canada. Five species, in particular, nest in the spruce forests of Maine and 
Vermont. The five birds are closely related. The vegetation in which they 
breed is without obvious variety, just ranks of spruce trees which are all 
alike. The beaks of the birds are all the same size, and alike, suggesting 
they can eat the same food. Investigations of enormous numbers of stom- 
ach contents by forestry people, looking for enemies of the spruce 
budworm, have shown that their food is, indeed, roughly the same. The 
food of closely related sympatric cormorants and weaver birds had been 
found to be different, but these little warblers even had tastes for food 
which were alike. How then can they occupy different niches? How can 
there be more than one species of them? One of the foremost ecological 
theorists of our day, Robert MacArthur, earned his doctorate by an- 
swering these questions (MacArthur 1957). 

MacArthur spent many long hours in the springs of several years 
watching the little birds. Each time he saw one he noted exactly where it 
was; on top of a tree, at the side of a tree, on the ground, flying about; and 
he started a stopwatch going so that he could measure in seconds just 


345 
AN ECOLOGIST’S VIEW 
OF SPECIES 


346 


THE NATURAL CHECKS 
ON NUMBERS 


Figure 24.2 
Closely related sympatric cone shells in Hawaii. Animals of the genus Conus 
are carnivorous snails that hunt with poisoned darts. These sympatric Hawai- 
ian species live in parallel strips along the shore where each catches a unique 
array of prey animals (From Hutchinson, 1965). 
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Cape may Bay-breasted Black burnian Black-throated green 


Separation of niches by warblers eating the same kinds of caterpillars. The five kinds of war- 
bler feed on bud worms on the same spruce trees. These diagrams illustrate MacArthur's 
study which showed that the birds hunt in different parts of the trees, so that each kind has a 
private crop. MacArthur divided the trees into 5 layers, and then considered each branch as 
having a top, a middle, and a bottom, which let him divide each tree into fifteen compart- 
ments. A sixteenth compartment was provided by the ground underneath. MacArthur then 
noted in which compartment was each warbler he saw, timing some of them to see how 
they divided their time between compartments. The stippled areas show where they spent 
more than 50% of their time or where they were on more than 50% of his observations. The 
results of timing the birds are on the left of each tree; the results of other observations are on 
the right. It is evident that the birds go some way to avoiding competition by hunting in dif- 
ferent parts of the trees, Different methods of hunting further separate them. (From 
MacArthur, 1958 and Hutchinson, 1965) 


how long the warbler spent where it was. This was a tedious and time- 
consuming undertaking, for the little birds are hard to see in the dense 
spruce forest, and they never remain in sight for more than a few seconds. 
But eventually MacArthur had watched for so long that he could be cer- 
tain of where each kind of warbler spent most of its time. And it was clear 
that the warblers worked in substantially different parts of the trees (Figure 
24.3). One kind spent nearly all of its time on the pointed spruce tops, 
another one lower down, a third on the ground, and so on. The spruce 
budworms, the most abundant food for all the warblers, lived all over the 
spruce trees, but the warblers hunted in their own special preserves. 
Being such mobile creatures, the birds did poach each others space 
somewhat, but MacArthur was able to show that other behavioral traits 
stopped them from poaching many of each other's caterpillars even then. 
He timed the motions of each kind of warbler, noting how long each 
spent hovering, running along branches, or slowly plodding, and was 
able to show that each species had a characteristic pattern of doing 
things. One was more active than others; another was more deliberate. 
There seemed little doubt that these different activities reflected different 
hunting methods. One kind of warbler got caterpillars on tops of needles, 
another kind got caterpillars hidden under needles, and so on. Even 
though a warbler might poach another warbler’s space, and hunt the 
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same kind of caterpillar there, the two might still not be competing 
because the hunting method of each caught a different portion of the total 
crop. 

It has long been recognized that the many grazing animals of the Afri- 
can game herds must be specializing in food, and students of the herds 
are now beginning to show how the niches of each species in those 
moving masses of ungulates differ. In Chapter 8, | described how recent 
work had shown that zebras, wildebeest, and Thompson’s gazelle grazed 
in succession. First the zebras took the long dry stems, an action for 
which their horsy incisor teeth clearly adapted them. Then the wildebeest 
took off the side-shoots, gathering with their tongues in the bovine way 
and tearing off the food against their single set of incisors. Finally the 
Thomson's gazelles came along and were able to pick out ground-hug- 
ging plants and other tidbits which the feeding methods of the others had 
both overlooked and left in view. Completely sympatric though these and 
other animals of game herds might be, they clearly avoid competition by 
specializing in the kinds of food energy which they take. And on the 
flanks of the herds move the specialized carnivores, the cats of different 
sizes, the hyenas on the watch for the suitably weak, the pack dogs which 
panic herds to cut out calves. All the exciting list of animals in the great 
herds can be seen by an ecologist in terms of the exclusion principle: a 
set of species which represent a set of niches, each one of which is a way 
of life conditioned to avoid competition with the other ways of life 
around it. 

Short-lived animals and plants may avoid competition if they stagger 
their activities so that they appear at different seasons of the year; and 
such seasonal successions as those of insects in woods can obviously be 
thought of in this way. The changing seasons themselves provide cues for 
the animals to make their appearance at the right time when the habitat is 
not occupied by some other animal which might compete, but even 
when the impact of the seasons is slight, such time-separation of life his- 
tories is probably common. Something of the sort seems to be needed to 
explain the diversity of plant species in the phytoplankton of lakes and 
the oceans. Planktonic plants all acquire their energy in the same way, by 
photosynthesis; they all presumably require the same essential dissolved 
nutrients, such as the limiting phosphorus; they live all stirred up together 
in a transparent medium which they can hardly divide up into private 
spaces; and yet there are many species of them. G. E. Hutchinson (1961) 
has called this “the paradox of the plankton.” In lakes, at least, it is 
known that many of the plant species bloom at different times, and that 
they possess resting stages in cysts or bottom-living forms which sink to 
the surface of the mud. It seems likely that they avoid competing, in part, 
by occupying the open water in turns. Doubtless there are also other 
subtle separations of phytoplanktonic niches; such as harmful secretions 
like those used by protozoa and fungi; special nutrient requirements like 
the vitamin B,. that some must receive from solution in the water; and 
special relationships with animals of the plankton, such as size or taste af- 
fecting the extent to which they are grazed. 


The filter-feeding animals of the zooplankton which eat the tiny plank- 
tonic plants might be expected to compete strongly also, and yet there 
may be several species of cladocera or copepods living together in the 
same lake. They apparently swim through each other's water, filtering 
with their legs and mouthparts as they go. How can they possibly avoid 
competing for the supply of plants? Hutchinson (1951) has examined 
much evidence on the subject and concluded that even filtering can be 
selective. Some animals reject large particles from their filters, some 
reject small particles, and some are able to so direct their filtering devices 
that only particular kinds of plants are taken. So even filter-feeding 
animals can chose their food. And their doing so gives another lead to the 
problem of the paradox of the phytoplankton; since, if animals concen- 
trate on one kind of plant over another, this immediately produces spe- 
cialized niches for the plants. The plants are so grazed down by their spe- 
cialized herbivores that they never directly compete for space, and the 
important parts of their niches become their relations to things that eat 
them. One plant can occupy the niche of not-being-eaten-by-herbivore-A 
while another plant occupies the niche of not-being-eaten-by-herbi- 
vore-B. 

For the longest-lived of organisms, forest trees, there are still some quite 
general problems of niche to which we do not know the answers. The 
niches of plants of the succession stages are easy enough to see, as are the 
competitions which occur as the habitat is changed by its first users to 
provide for the niches of those plants which come later. The final niche of 
the dominant tree of a temperate forest is also apparent, and the vagaries 
of soil and exposure suggest how niches for a few other species of tree 
may also be developed. But in what ways do the niches of the hosts of 
species of large trees in some rain forests differ? Rain forests may have 
100 species of tree to the acre (Richards, 1952), and it seems unlikely that 
there are 100 distinct ways in which an evergreen forest giant can get its 
livelihood in an acre of equatorial lowland. In maturity, the giant trees 
must be expected to hold space too effectively to be displaced by the 
subtle pressures of other roots and leaves. But for the species to be main- 
tained in the forest there must come a time when seeds are scattered and 
seedlings are established; and it is then that the bite of competition 
should be applied. | have seen a place in the Nigerian rain forest where 
one of the canopy trees had died, and its corpse swiftly torn down by 
decomposing fungi and termites. Light streamed into the gloomy forest 
floor through the gap which its canopy once filled, and numerous tree 
seedlings were reaching up toward the disc of light; it was like a stilled 
frame from a motion picture in which the race of competing trees for that 
single place in the canopy was preserved with all its sense of movement. 
There may well be 100 ways of spreading seed through the forest and 
poising a seedling for that race for the canopy, and itis, at least, possible 
that rain-forest trees must avoid competition most during establishment 
and seedling growth. Recent studies in Costa Rica Jantzen, 1970, 
Chapter 34) suggest that avoidance of seed predation by insects has also 
been one of the drives leading to many tropical tree species. This expla- 
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nation is akin to that offered for the paradox of the plankton; the plants, or 
for forest trees particularly their seeds, are chemically and physically dif- 
ferent to escape attack by generalist herbivores. But the matter needs 
more investigation. 


Nuthatches (family Sittidae) are small birds with long woodpeckerlike 
bills who search for food by climbing up and down trees or rocks on their 
short powerful feet, hunting in cracks and crannies. This way of life is spe- 
cialized, the progress of the birds being odd enough to attract the atten- 
tion even of laymen. The physical adaptations for this way of life (long 
bills, short stubby tails, and big feet) give nuthatches a characteristic 
appearance, making them all look much alike. Strikingly similar are the 
common species of Greece and Turkey, Sitta neumayer and of central 
Asia, Sitta tephronota (Figure 24.4). A skin of S. neumayer from Greece 
may be so like that of S. tephronota from a site in Central Asia more than 
1000 miles away as to deceive even a competent museum taxonomist. 
The nuthatches of these distant sites, so closely related and so similar, 
should be occupying closely similar niches. What differences there are 
between them may be explained in terms of the geographical isolation of 
their breeding populations. Where their ranges come into contact, as they 
do south of the Caspian Sea in Iran, we should expect the species to come 
into competition, and perhaps to find evidence that one was triumphing 
over the other. What we in fact find is that throughout Iran both species 
coexist, but that they are here so strikingly different that there is never any 
difficulty of telling them apart (Vaurie, 1951). Their bills are of different 
sizes and one bird has a thick black stripe from eye to shoulder, whereas 
the other has almost lost its eye-stripe. The different bill lengths suggest 
different feeding habits; the different markings suggest distinctive patterns 
which could be used in recognition of suitable mates. The species differ- 
ences have been accentuated, and there is no doubt that the nuthatches 
occupy different niches where their ranges overlap. Competition has 
been best avoided by the individuals that were most different in the two 
populations, and these were favored by selection. 

When Charles Darwin first pondered the mechanism of natural selec- 
tion, it was already evident to him that animal characters must diverge 
when they lived in the same country, and he outlines his conclusions ina 
section of On the Origin of Species entitled “Divergence of Character.” 
Modern ecology has confirmed and made more definite Darwin’s con- 
clusions. The different environments of different places lead to popula- 
tions differing slightly, as individuals finding niches most suited to local 
conditions are favored. Then some accident of history makes the ranges 
of the distant populations merge again. They must compete; and the 
Gause principle predicts the outcome. If there are individuals present 
who can occupy different niches, they will be favored, and their dif- 
ferences accentuated. If not, variability may well be suppressed as only 
one kind triumphs, being able to find only one niche. Vaurie’s observa- 
tions on the Greek and Asiatic nuthatches of Iran, showed that the two 
populations must already have been diverging before they were brought 


S. neumayer 


Character displacement in nuthatches. Where the two Asiatic nuthatches are sym- 
patric, in Iran (bottom), they may be easily distinguished by bill size and eye 
stripes, but individuals from far parts of their ranges (top) are very similar. Evidently 
selection has favored individuals who are most different in the region of overlap. 
(Redrawn from Vaurie, 1951) 


together again. Then avoidance of competition, in keeping with the 
exclusion principle, brought out the differences in the populations. 

Many times since Darwin’s day naturalists have noted and reported the 
exaggerated differences that are apparent in countries where closely 
related animals coexist, but the phenomenon became more generally 
talked about after 1956 when W. L. Brown of Cornell and E. O. Wilson of 
Harvard collected together many examples and invented a name for the 
phenomenon, character displacement. They started with Vaurie’s nut- 
hatches, and supplemented this with examples from other birds, fishes, 
frogs, beetles, ants, and crabs. 

Since Brown and Wilson's paper, the outcome of competitions such as 
Gause engineered have been thought of conveniently in two terms, char- 
acter displacement and competitive exclusion. The experiment in which 
P. aurelia and P. bursaria lived on in different parts of the tubes showed 
that character displacement had occurred, with the bottom-living indi- 
viduals of one species and the top-living individuals of the other being 
favored, The outcome of all other experiments, in which only one sur- 
vived, could be called the result of competitive exclusion. In nature dis- 
placement should be more common than exclusion because the real 
world must always offer many ways in which niches can alter, thus letting 
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Character displacement in Darwin’s finches. Histograms of beak-depth in Geos- 
piza species (Darwin's finches). Measurements in millimeters are placed horizon- 
tally, and the percentage of specimens of each size vertically. If the beak-depths 
on Daphne and Crossman islands are indicative of optima in the absence of close 
competitors, the displacement on islands with competitors is most easily in- 
terpreted as character displacement. (Lack, 1947.) 


every chance for diversity to give advantage. In Gause’s tubes the 
chances of finding other niches were kept deliberately small. 

The Galapagos finches of the genus Geospiza, whose diverse forms 
provided Darwin with key evidence for the theory of evolution, provide, 
fittingly enough, one of the best examples of character displacement. The 
birds occupy many niches not occupied by finches in other parts of the 
world, no doubt because other passeriform families are lacking in the 
Galapagos. The finches eat a reat variety of seeds, insects, and foliage. 
Their beaks are of many different sizes. David Lack (1947), the Oxford 
ornithologist who had tested the Gause principle against the related pairs 
of birds in the British fauna, worked extensively on Darwin's finches. He 


found that where two species G. fulginosa and G. fortis, lived together, as 
they do on two of the larger Galapagos Islands, their beak sizes are quite 
separate with no overlap. But on the tiny island of Daphne there was only 
G. fortis, and these birds had beaks covering the range of sizes of both 
species on the larger islands. On the equally tiny Crossman Island there 
was only G. fulginosa, and these birds also have beaks of the wider size- 
range. On the large islands competition has been avoided by character 
displacement. On the tiny islands, there is apparently only room for one 
population, which may hold the island against invasion by the mechanism 
of competitive exclusion (Figure 24.5). 

Water ferns of the genus Azolla on the Galapagos Islands reveal a dif- 
ferent history, showing how exclusion may operate to preserve a range in 
nature. Azolla grows floating on small ponds like duckweed, completely 
covering the water (Figure 24.6). There are few ponds suitable for Azolla 
on the whole Galapagos Archipelago, only a few dozen at most (Colin- 
vaux, 1968). These now support populations of only one species, Azolla 
microphylla. The plants are apparently spread from pond to pond on the 
feet of birds, and we must imagine that some lucky flight brought a living 
fragment some 600 miles from the South American mainland to a suitable 
pond. Once established, the local Galapagos ducks should quickly 
spread the ferns to all other Galapagos ponds, after which there should be 
little chance of a second species ever getting established following 
another chance transoceanic flight, since the niche of Azolla floating on a 
pond must be as about as restrictive and simple as those which Gause 
contrived for his Paramecium. It is, therfore, not surprising that only one 
species of living Azolla has been found on the islands. Recently, how- 
ever, we have been looking for Azolla spores in drill cores of mud from a 
Galapagos lake (Schofield and Colinvaux, 1969). Azolla microphylla 
lives there now and we find plenty of the spores, which are released into 
the water, in surface mud. But in mud deep down in our drill cores, 
shown by radiocarbon dating to be more than 48,000 years old, we find 
only spores of another species, Azolla filiculoides, a plant known from 
South America but not now growing anywhere in the Galapagos. How 
had such a changeover occurred? The ancient mud is separated from the 
mud of the last 10,000 years by red clay deposits, suggesting that the 
lake had been dry for a long period. Drought had exterminated that an- 
cient population of A. filiculoides. When the lake again filled with water 
many thousands of years later, chance brought a migrating bird with a 
piece of the other species on its foot, and a second species held the lake 
against invasion. This, at least, seems the most likely explanation of the 
fossil history. It suggests, what is also implicit in the Lotka-Volterra equa- 
tions, that being there in strength first can give a competitive edge to one 
species over another which might win if the two started out with equal 
numbers. 


Speciation can be seen as a two-part process requiring, first, geographical 
isolation and, second, the merger of once isolated populations. As 
animals and plants, who are the actors in the evolutionary drama, spread 
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Figure 24.6 


History of water ferns in a Galapagos lake. Water ferns of the genus Azolla loose their spores 
into the water incased in structures armed with hooks and called massulae. The shapes of 
these structures are different in the different species, The lake dried up for many thousands 
of years in its middle history, after which the new lake was occupied by a different species of 
Azolla, and the only one now known from the Galapagos Islands, This history probably 
illustrates competitive exclusion, the triumphant species each time being that which 


reached the Galapagos first by chance transport from mainland South America in each of 
the wet epochs. 


over the land, they come to live in different environments. The offspring 
of some individuals are favored over those of others in these new places 
so that distant populations tend to vary; the ecological stage has directed 
the progress of the players. The niches of distant populations, although 
having many things in common, are extended in different directions. 
When accident brings the players back into the same habitat, they are 
likely to compete and their differences will become important. Now the 
actors are on a different ecological stage, that produced by the interac- 
tions of actor with actor in the common quest for energy. Competitive 
exclusion and character displacement determine the outcome of the 
drama, and differences are either buried or so enhanced that new species 
are formed ready for the start of the next act. The steps of the actors must 
often be directed by chance; accidents of climatic history or chances of 
dispersal which allow one population into a habitat before another; but 
the unfolding of the drama is restricted by the dimensions of the stage; by 
the range of environments, the chance of dispersal, the common need for 
energy, and the principle of “one species-one niche.” This is the process 
so aptly described by G. E. Hutchinson's (1965) phrase, ‘The Ecological 
Theatre and the Evolutionary Play.” It gives an intuitive understanding of 
the mechanisms which must lead to diversity in nature. But it still leaves 
ecologists with the task of explaining the actual diversity they observe, of 
determining why plants and animals of any place are common or rare, 
closepacked or spread out; and of why the process of speciation has 
resulted in just the number of species we see rather than in more or less. 
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Virtually all the agencies of natural death can be expected to work in 
density-dependent ways, but there is no physical law which says that 
animals and plants must be under density-dependent control; all that is 
required is that their numbers are curbed. Periodic catastrophe should 
do just as well, although this might not make for such predictable annual 
populations as we actually observe. Strongly in favor of the density- 
dependent thesis, however, is that the logistic hypothesis, of which it is a 
part, predicts the existence of discrete species. If discrete species should 
be expected, on the assumption that populations grow until competition 
checks them, then the existence of discrete species is strong support that 
natural populations are, indeed, controlled by competition, or density- 
dependent pressures acting in a like manner. The animal populations for 
which we have the best historical records are those of birds, and what 
we know of bird populations is consistent with the density-dependent 
hypothesis. The number of birds breeding each spring seems remarkably 
constant, suggesting that any surplus individuals produced in years par- 
ticularly favorable for breeding are eliminated in the following winter 
by density-dependent death. The hypothesis thus requires that regula- 
tion is achieved by changes in the death rate, not by changes in the birth 
rate, and is thus consistent with the theory of evolution by natural selec- 
tion which requires that animals must always breed to their utmost abil- 
ity. Convincing although the hypothesis is for birds, the practical dif- 
ficulty remains that the necessary density-dependent winter death has 
never been demonstrated. Supporting evidence for other kinds of 
animals is even less good, but there is nevertheless a general feeling 
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among naturalists that populations of everything in the wild, from but- 
terflies to fish, are very commonly controlled by changes in death rates 
acting in density-dependent ways. 


Long experience with keeping small animals in laboratory culture has 
seemed to give ecologists a general feel for the processes of control which 
should be going on in nature. Laboratory populations come into balance, 
and this balance can be readily understood to result from density-depen- 
dent pressures caused by crowding. Actual mechanisms of control by 
density-dependent factors can be shown to be operating in these simple 
culture systems, even though the mechanisms could be decidedly de- 
vious, as the long history of Tribolium studies shows. There seems to be a 
similar balance in nature; surely this natural balance must also be set by 
the mechanism of the crowd, by density-dependent factors. 

It takes no great effort of the imagination to see how many of the haz- 
ards of the natural world could act in a density-dependent way. Starva- 
tion in the wild, like starvation in the laboratory, can readily be seen to be 
a curb of ever-increasing effect as individuals crowd, for the quest for 
food will become harder and harder as the population grows. Then it is 
well known that the dangers of disease go up as crowding increases, both 
for men and animals, so that disease as well as starvation can be density 
dependent. The chances of being eaten by a predator may also go up for 
those who are abundant, for predators commonly eat several kinds of 
prey and are likely to concentrate on the easiest to catch, which is to say 
the commonest. Many animals require special places for building nests or 
homes, and these must necessarily be harder to find as the populations 
become denser. And many animals must seek special shelter from 
catastrophes such as cold or flooding, and these refuges, too, will become 
less available as the populations become dense. It is, in short, the normal 
experience of the naturalist that animals are commonly subject to adver- 
sities that must act in density-dependent ways. These forces for control 
are always present, and must have effects. The only question of doubt is 
over how strong these effects really are. 

But yet there is no scientific principle which states that populations 
must be controlled as a function of density. Density effects will always be 
working in crowded populations, but it is always possible that actual con- 
trol in the rough-and-tumble life of the real world is exercised on growing 
populations before they become crowded. All that can be said on general 
scientific grounds is that populations must be controlled somehow, that 
i Cannot go on growing forever without violating fundamental physi- 
cal laws. 


Figure 25.1 


Figure 25.2 


Preoccupation with the idea of balance can give the impression that a 
population growth curve must look sigmoid as shown in Figure 25.1 but 
the requirements of physics are just as completely met if the growth curve 
looks like that shown in Figure 25.2. “Control” on this second model is 
brutal and catastrophic; it choses no particular individual over another 
but acts independently of density. It is, in the colorful language of a 
Washington reporter describing a conservative senator's assault on a 
foreign aid bill, the “meat axe” approach to regulation. And it solves the 
problem of overcrowding just as completely, if less comfortably, than a 
gentle density-dependent device. This is something that should be pon- 
dered well by those who look with equanimity on the rapidly growing 
human population of the present. 

Any control agents that are not dependent on density must take the 
form of sudden events that are catastrophic to animal populations, but the 
natural world is well supplied with catastrophic events. None can doubt 
that things such as hurricanes and volcanic explosions destroy whole 
populations, although these events are, perhaps, too scattered and local 
to be used for a general theory of population control. More applicable are 
the common catastrophies which we know as changes in the weather. 
Nearly all places on the earth suffer seasonal changes from summer to 
winter, from warm to cold, from wet to dry. Each change in these yearly 
cycles must represent hazards of varying severity to the animals of each 
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Figure 25.3 


place. Even over much of the tropics there are seasonal changes, those of 
the monsoons for instance. It is thus easy to imagine how growing popu- 
lations can be frequently cut back, making their normal lives a race to 
reproduce so quickly that there shall be at least some survivors of the 
next expected catastrophe. Unless something happens to prevent the 
catastrophe from arriving on time, such a population might never grow 
large enough to suffer the effects of crowding. The population would be 
under some sort of control, in that numbers fluctuated within wide limits, 
but it could scarcely be described as “in balance.” A graph of its popula- 
tion history would be a jagged affair, which might look something like 
that shown in Figure 25.3. Even such a population history as this gives 
some hint of density-dependent effects, however, for otherwise we 
should expect the population to become extinct. The death rate is ap- 
parently relaxed in the troughs to let the population increase again, so 
that death rate is, indeed, influenced by density. But this is not “balance,” 
although it may yet be allowed for in our subjective impression of the 
“balance” that we see in nature. Our idea of the normalcy of our sur- 
roundings may be no more than a subconscious averaging of many local 
fluctuations. | think again of Lindeman’s several year’s records of the pop- 
ulations in one lake, when he found that different types of animals were 
commonesteach year (Chapter 11). This is probably true for most temperate 
lakes, but they all give the impression of being normal, of illustrating, 
as we say, ‘‘the balance of nature.’” 

Ecology in the last two decades has struggled with this great and gen- 
eral question: Is there a true population balance in nature, with animal 
numbers regulated by density-dependent factors? Or are animal numbers 
really controlled in a catastrophic and density-independent way by 
weather, so that the apparent balance in nature is just the result of a gen- 
eral averaging? From its onset, the debate has been influenced by the 
apparent intellectual triumphs that had come from studying crowds by 
theory and experiment. “‘If populations are controlled ina density-depen- — 
dent way by crowding, we can describe them with the logistic model; if 
we develop the logistic model to predict the results of competitions 
between species, we arrive at the principle of competitive exclusion; and — 


the exclusion principle gives us an understanding of the distinctness of all 
the earth’s species.” This is a formidable line of argument. If the niches of 
all species are set by competition according to the exclusion principle, 
then their own populations must be set by competition also and the 
density-dependent theory of population control prevails. 

Many, perhaps most, ecologists have been well content with this 
argument, considering that density-dependent mechanisms do exercise 
control over all wild populations. The effects of severe catastrophies have 
been acknowledged, but have been considered to introduce but tempo- 
rary perturbations into systems normally in balance. This viewpoint was 
summarized in an important paper by the Australian entomologist, A. J. 
Nicholson (1954). Nicholson worked in the way that Gause worked, by 
refining mathematical models and testing them with experimental popu- 
lations. He chose experimental animals of his own, bluebottles or flesh 
flies of the genus Lucilia, which he could conveniently rear in gauze 
cages supplied with blobs of meat. His animals lived more naturally than 
paramecia on oatmeal medium or fruit flies on agar, because wild flesh 
flies also laid their eggs on discrete blobs of meat (corpses) in which their 
larvae were forced to live and grow. From considering, and mimicking, as 
many natural systems as possible, Nicholson was able to develop a gen- 
eral hypothesis of the density-dependent control of all natural popula- 
tions. 

But Nicholson’s work was still subject to the general criticism that most 
animals in nature live in conditions quite unlike those of the confined lab- 
oratory populations for which mathematical models were so successfully 
descriptive. And wild populations must be affected by the vagaries of the 
weather to some extent. To support a general theory of density-dependent 
control in nature, it became important to show that wild animal popula- 
tions were truly in balance in spite of the weather. The catastrophes of life 
must be shown to produce only transient changes in animal numbers, 
with a natural balance speedily restored when the catastrophe passed. 
Evidence for natural balance has been perhaps most successfully sought 
by zoologists working with vertebrates, particularly with birds, ’ 

The common European heron (Ardea cinerea) is both conspicuous it- 
self and builds its large nests high in the trees of breeding colonies. Some 
heronries in England are known to have existed for centuries, so that we 
know that the birds have maintained themselves for long periods. 
Since 1928, amateur naturalist groups have kept count of the number 
of occupied nests in many heronries, so that we are provided with a 
remarkably complete annual heron census for large parts of England. 
David Lack (1954) collected the census data from the two best studied 
districts to produce the following heron histories (Figure 25.4). Several 
things about these heron histories are revealing. The numbers do fluctu- 
ate from year to year but, except after the winter of 1947, not by very 
much. The record is, in fact, just the sort of thing that should be ex- 
pected if the populations were in balance and controlled as a function of 
density. That there should be a marked fall after the winter of 1947, was 
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Figure 25.4 
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History of breeding populations of herons in England. The herons were censused 
by counting occupied nests in ancestral heronries each spring. The population is 
remarkably constant from year to year, strongly suggesting density-dependent con- 
trol. The particularly hard winter of 1947 reduced the numbers of herons breeding 
next spring, but the population quickly regained its old level in subsequent years. 
(Redrawn from Lack, 1954.) 


also striking, for the English winter of 1947 was notoriously bad. Usual 
English winters are so mild that lakes and ponds are free of ice for much 
of the time, and rivers and estuaries nearly all of the time, but in 1947 
there was a long freeze of the kind common in continental countries. This 
was particularly hard on herons, and dead herons were found by frozen 
lakes that winter. In the spring of 1948, there were many empty nests in 
the ancestral heronries, but the populations were quickly built up in 
subsequent years. A catastrophic event had, indeed, severely reduced 
population, but in doing so the pressures of crowding on the survivors ap- 
peared to have been released so that heron numbers could expand back 
to their old levels. 

Lack used this history of the herons as his first example in a book that 
was to become one of the signal works of ecology, his ‘‘Natural Regula- 
tion of Animal Numbers,” published in 1954, the same year as Nich- 
olson’s general density-dependent hypothesis. Lack had early been 
influenced by Gause’s studies on competition, and had been quick to see 
that his exclusion principle was beautifully upheld by the different habits 
of closely related sympatric bird species. More perhaps than anyone else, 
Lack had called attention to the importance of exclusion as an ecological 
concept. His studies with British birds such as cormorants are still some of 


Stork nest on a village roof, Storks which build nests on the rooves of houses are easy to 
census during the breeding season (Figure 25.6). We have good census data from only the 
few species whose habits make them conspicuous like these storks. 


the best demonstrations of the working of the principle, and his study of 
speciation in the Galapagos Darwin’s finches is a classic (Chapter 24). If 
all bird niches were set by competition, as the exclusion principle 
suggested, then it must follow that the numbers of the birds were also set 
by the mechanism of crowding. It could have been no surprise to Lack to 
assemble the heron census data and to find so strong an indication that 
heron numbers were in balance, were apparently regulated by the density 
dependent mechanisms of the crowd. 

Lack found that data similar to the heron census existed for the white 
stork (Ciconia ciconia) in Germany. Storks build huge nests on the roofs 
of houses in German villages and are, like the herons, very faithful to the 
homes of their ancestors. No elaborate sampling system was needed to 
take the census of these birds, and the counts could be relied on. Once 
again the results suggested a population in balance (Figures 25.5 and 25.6). 
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History of breeding populations of the White Stork (Ciconia ciconia) in parts of Germany. 
(Redrawn from Lack, 1954.) 


Most birds are not as easy to census as storks and herons, and only fora 
very few do we have reliable long-term census data, but an exception is 
for the great titmouse (chicadee) Parus major in a Dutch wood. The bird 
naturally nests in holes in trees, but it prefers nest boxes. All that need be 
done to count the breeding titmice in a wood is to place many more nest 
boxes than there are breeding pairs there, and to count how many are oc- 
cupied. This novel method of census has provided a long history of a 
local Dutch population of great tits going back to 1812 (Kluijver, 1951). 
The results (Figure 25.7) again show fluctuation about a mean, although a 
rather wide one in which the densest population if four times the sparsest. 
But there is about this history nothing of that steady rise followed by 
unexpected fall which should denote the fluctuations caused by random 
catastrophies, nor is there a rhythm that might reflect recurrent seasonal 
crises. The tits lay six or more eggs at a time, showing that fluctuations 
could be very wide indeed, if there was no density-dependent control; for 
a population might multiply 36 times in two years, if not checked. 

These census data, coupled with much less complete but nevertheless 
suggestive data about other birds, let Lack conclude that bird populations 
must be normally in balance. His records were largely based on census of 
breeding pairs in the spring. Census in midsummer would, of course, 
show much larger populations since the year’s fledglings would be 
included. The stork or heron population would be half as much again or, 
perhaps, twice the breeding population, and the great tit population sev- 
eral times larger. And yet only about the usual number of birds would 
turn up next spring to breed. The effects of density must be applied 


Number of breeding pairs 


History of the breeding population of the Great Titmouse (Parus major) ina wood 
in Holland. The population of the tits fluctuated more than that of the herons and 
storks, perhaps reflecting clutch sizes of up to six at a time, but the population still 
seems to be regulated within comparitively narrow limits. (Redrawn from Lack, 
1954.) 


meanwhile, probably in the midst of winter when mortality might well be 
expected to be high. It is hard to be sure of when and how birds die. 
Census of birds except when they are breeding is so difficult as to be very 
unreliable, and we rarely find corpses. A dying bird just disappears from 
human sight, usually leaving no trace behind that we can detect. No 
doubt the information about what happened to them is held in the guid- 
ance systems of numerous carnivores, but we have devised no way of in- 
terpreting these data. The evidence for a balanced population assures us 
that there should be density-dependent mortality, but itis hard to observe 
this directly. : 
Of one thing Lack felt very certain: the control was not exercised 
through changes in reproductive rate, in the number of offspring which 
birds reared. The numbers of eggs laid and young reared did vary a little 
for most birds, but only a little. Even the lower rates known for any 
species should be quite sufficient to permit an exponential increase in the 
population if there was no other control. It seemed much more likely that 
birds always reared as many young as the season’s food supply let them. 
Changes in the weather would be reflected in slight changes in the 
numbers of the birds at the onset of the next winter, but these changes 
would be much less than those introduced by density-dependent mortal- 
ity as the winter went on. One of the most spectacular bits of evidence for 
this viewpoint comes from the study of snowy owls (Nyctea scandiaca) in 
the Arctic. These large white birds breed in the treeless tundras of the 
North, where they build huge shaggy nests on the ground, each quite an 
emminence in, for instance, the flat expanse of the Alaskan coastal 
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regions near Barrow, each with its big white bird perched conspicuously 
on top. And they feed their young on lemmings. Sometimes in the Arctic, 
lemmings are immensely common, being a 1000 times more numerous 
than at other times (Chapter 35), and in these high lemming years the 
owls lay perhaps 10 eggs, rearing young from most of them, whereas in 
other years they should rear only one or two young. But the breeding 
population of owls in the North is roughly the same every year. The 
bumper crops of the high lemming years wander away in winter, often in- 
vading temperate lands to the South to the delight of bird-watching 
societies. And in those southern regions death presumably awaits most of 
them, for they never reappear on their breeding grounds. The density- 
dependent control system in this species is good enough to overcome 
even the large perturbations, in a sense catastrophic, commonly in- 
troduced into the animal’s environment by its fluctuating food supply. 

Descent of the snowy owls on the inhabited South may be called an ir- 
ruption, a word coined by Lack to describe such sudden increases in the 
numbers of birds. The annals of ornithology contain many stories of irrup- 
tions, each one an exciting event in the lives of bird watchers. Every few 
winters some bird long unfamiliar, or even confined to the small-print list 
of rarities in the back of the “field guide,” suddenly turns up in every- 
body’s back yard. But next year they are gone again, and we can only talk 
nostalgically of the year in which we saw crossbills, or waxwings, or 
snowy owls. A cardinal fact about such irruptions is that, after they are 
over, the numbers of the birds drop back to roughly the numbers which 
lived before the irruption. Some unusual event, quite possibly connected 
with the vagaries of weather, leads to unusual breeding success, but this 
means that the crowd next winter is much denser than usual, so that 
whatever density dependent mortality may be operating presses that 
much more strongly than usual. The population is brought rapidly back to 
its original level, the level at which the density pressure for death is 
relaxed by the thinning crowd. A population controlled merely by the 
vagaries of weather should, of course, also suffer irruptions, indeed they 
should be common events, but the numbers of survivors after the irrup- 
tion should be quite unpredictable. The adversity which would reduce 
this kind of irruption should act in an haphazard way, leaving a band of 
Survivors whose numbers should bear no relationship to the numbers liv- 
ing before the irruption. That bird populations seem to be stabilized at 
their old levels following irruptions, is thus additional evidence that their 
populations are normally under density-dependent control. 

Lack’s collection of data about bird numbers provided a convincing 
argument that very many bird populations, perhaps most, are controlled 
by density-dependent factors. Their normal populations are in balance. If 
some unusual catastrophe does reduce the population below this level, 
the pressures of crowding are released and the lost numbers are quickly 
restored. If a different sort of Catastrophe raises the numbers unduly, the 
death rate goes up so that the additional numbers are quickly lost. It 


seemed that all the known facts about bird populations could probably be 
explained in terms of just two mechanisms. Birds always rear as many 
young as they are physiologically able to rear, which means that the pop- 
ulation at the end of the breeding season varies widely from year to year, 
and occasionally that a remarkably good spring produces so many off- 
spring as to constitute an irruption. Then, during the winter, the popula- 
tion is reduced by density-dependent mortality so that the usual number 
of birds are ready to breed next spring. Lack could not say for even one 
species of bird how the excess individuals actually died, although he felt 
sure that the deaths must occur in winter. But birds could effectively 
disappear from the population if they failed to breed in the spring just as 
completely as if they had died in the winter. This possibility has been 
exploited by those who see much of the control of bird populations as 
being effected by territorial behavior rather than winter death (Chapter 
32), and there has arisen a prolonged controversy between those who 
think bird populations are almost completely controlled by winter deaths 
and those who think failure to breed in the spring has something to do 
with it. Both schools of thought concede that the populations are under 
density-dependent control, however. 

But most animals are not birds, and a general theory of density-depen- 
dent control must describe the conditions of all animals. The data on 
other groups were (and are) much less good, but there were some sugges- 
tive lines of argument which Lack could collect. There are, for instance, 
many known increases in animal numbers following changes in their 
environments caused by man, which suggest that human interference 
may have altered the factor which was setting the old limit. There were 
many upsurges in deer numbers following human settlement in North 
America, which could have been the result of shooting predators that had 
previously kept the deer numbers down. Cutting the wilderness and farm- 
ing also alters the food supply of deer, perhaps actually giving more food 
to populations that had been held down by winter starvation. The human 
coming has also caused extinctions everywhere, suggesting that new 
factors may have become limiting. Many such lines of evidence, although 
not proving that animal numbers are under density-dependent control, 
are at least consistent with the hypothesis of limits set by crowding. But 
above all is that common experience of naturalists that numbers do not 
change from year to year to any startling extent. Whether a man watches 
birds, collects butterflies, or catches fish, he knows pretty well what fu- 
ture months will bring. Some bottom is put to the troughs of population 
numbers; some ceiling is put to increase. If populations are prevented 
from getting too low and too high, it must be that density itself influences 
the forces that set the limits. There must be feedback. This the hypothesis 
of populational control by density-dependent pressures provided. Eco- 
logists came to accept the hypothesis as a working rule, expecting that all 
wild populations should be shown to be under density-dependent con- 
trol. 
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But there were other lines of evidence which could not be so easily 
reconciled with the density-dependent hypothesis, such things as the his- 
tories of wildly fluctuating insect populations. These must be allowed for 
in a general theory of population control. We must know what effect the 
weather has on the lives of such animals, and if this agent of death can 
anticipate density-dependent controls. And in any complete theory we 
must show how and when animals actually die. 


We expect control of numbers to come about through changes in death 
rates because natural selection requires that birth rates always be as 
high as physical circumstances permit. An ecologist thus wants to know 
how animals die, and when, and how often they die also. This is the 
same kind of knowledge which has been compiled for human popula- 
tions by actuaries of the insurance industry who organize such data into 
life tables. A life table for any natural population should allow a clear 
understanding of how the numbers of individuals in that population are 
restricted, suggesting whether death is a controlled happening which is 
proportional to the size of the population, or whether it is an unpre- 
dictable or catastrophic event. If we had life tables for a representa- 
tive series of natural populations we should probably have the evidence 
required for an irrefutable general theory of natural regulation of 
numbers, but life tables are based on census, and census of wild animals 
is very difficult. The few reasonably complete life tables which have so 
far been compiled, however, reveal much of interest about the lives of 
animals as diverse as wolves and rotifers, suggesting that the arduous 
work of census may often be worthwhile. In addition animal census 
often gives an opportunity for pleasing field work. 
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A proper study for the student of life is death. All populations must be 
controlled by the being born or the dying of individuals. In practice, 
birthrates seem generally to be set by the energy requirements of the 
parents, and this is true whether the species follows the strategy of 
producing very many offspring of small size and low energy reserves, or 
whether it concentrates its efforts into producing fewer but better favored 
young. | have argued earlier how all species must be expected always to 
reproduce as fast as they possibly can. Even in hard times for the parents, 
this tendency to maximum reproduction is likely to result in more than 
the young needed for the simple replacement of the parents, and our 
experience with watching wild and captive animals generally confirms 
this expectation. Control of populations therefore, must be control by 
death, and this must be true whether one invokes a theory of control by 
catastrophe or of control regulated by the effects of density. In the one 
hypothesis death is mass death; in the other, it is selective death; but the 
complete establishment of either hypothesis requires an understanding of 
the manners of death. 

We must know when animals die, how they die, and how old they are 
when they die. We must also know the proportion of them that die at dif- 
ferent times and different ages, and this means that we must also know 
the total population at each age, and the numbers of individuals of each 
age who survive to grow older. This is a problem of census. Lack was able 
to extract some convincing circumstantial evidence for density-depen- 
dent control of some bird populations by simple counts of a few birds 
who made conspicuous nests (Chapter 25). Death outside the breeding 
season was merely inferred, and there was no information on how old 
were the animals who died, how long-lived they were, or what each indi- 
vidual’s chance of survival was. Most animals are not so obliging as to 
present themselves for census in heronries or nesting boxes at breeding 
time. For most animals the collection of data on numbers and age is a 
taxing task which consumes much time and labor. 

Most compilation of vital statistics has been done on the one species of 
animal for whom we have voluminous records, man. Typically an actuary, 
basing his livelihood on those who need to know the duration of human 
life in order to insure it safely, seeks to predict the expectation of life of 
individuals of varying ages. To do this he has census data of a population 
fora single year, which give him the number of people in the population 
and the age of each. He also knows the number dying in the year, and the 
age at which each died. For convenience he converts these data to 
Proportions of a standard-size population, usually 100,000, which he 
calls a cohort. The individuals of the cohort can be separated into so 
many of each age (called an age class) and the number dying in each age 
class can be tabulated. From these data it is merely a matter of compli- 
cated arithmetic to calculate, and tabulate, the death rate (or mortality) as 
a proportion of those surviving to each age, the deviation of age of each 
age group from the mean age of the population, and the expectation of 
life of each age group. The resulting table is called a life table (Table 
26.1). It is intended to predict what will happen to the members of the 
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TABLE 26.1 
A life table for men 


Oe ess 100,000 62.32 59.12 
1- 2 93,768 9.93 62.04 
2- 3 92,837 5.20 61.65 
3- 4... 92,354 3.59 60.97 
45) Sys 92,023 3.09 60.19 
5= .6 91,738 2.66 59.38 
es 91,495 2.27 58.53 
z= 8 91,287 1.96 57.67 
ge 9 91,108 1.72 56.78 
9- 10 90,952 1.55 55.87 
14-15 90,246 1.90 51.29 
19- 20. 89,172 3.01 46.88 
24- 25 87,692 3.66 42.62 
29- 30. 86,053 4.02 38,39 
34-35 84,222 4.86 34.17 
39- 40 81,979 6.36 30.03 
79,036 8.74 26.05 

75,188 11.98 22.25 

70,165 16.87 18.66 

63,496 24.61 15.34 

54,924 35.68 12.33 

69- 70 44,253 53.62 9.68 
74-75 78.61 7.43 
79- 80. 119.83 5.57 
84- 85 173.33 4.21 
89- 90.. 232.11 3.21 
94- 95 313.32 2.35 
99-100 438.79 1.62 
104-105... 621.87 1.05 
105-106 666.56 96 


Abridged life table for white males in the continental United States, 1929 to 1931. This is the standard form of life table 
developed by the insurance industry. The symbols x, Ix, and the like usually appear without the verbal descriptions, and 
have been adopted by ecologists for animal life tables as well. (From Allee et al. 1949.) 


the desire of the 
sumes that the fu- 
and 


population from what has happened, since that is 

insurers, but it will not do this very accurately for it as 
ture will repeat the past; that the mortality will not change with time, 
that there will be neither immigration nor emmigration. But, as long as 
human populations change so fast, these inaccuracies cannot be avoided. 


An ecologist wants the sorts of data that appear in an actuary’s life table, 
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but he would like to use the observation of a long time span to describe 
the actual populations he studies rather than to base his life table on the 
condition at one census. He is under no compulsion to use the latest 
records of ever-changing conditions of life to speculate about future 
trends, and in this he has the advantage over an actuary. But he also must 
work with animals that do not fill out census forms with their dates of 
birth, nor whose passing is noted by a death certificate. 

Various sampling and census techniques have been developed to es- 
timate the number of inconspicuous or elusive animals (and most animals 
are one or the other), although the best always leave some uncertainty of 
the true number. Very numerous small things, such as insects or plankton, 
may often be sifted out of representative samples of their habitats, killed, 
counted, and the total population calculated by extrapolation. Less 
numerous or more motile things must be counted alive. You must catch 
them, mark them, and let them go again, estimating the number present 
from the success of trapping. One way of using trapping data is the mark 
and recapture method (or Lincoln index). After setting many traps, and 
marking and releasing the catch, there will be a definite number of 
marked animals mixed in the wild population. If traps are again set, some 
of the animals caught the second time will have been caught before, and 
hence will be marked. The proportion of marked to unmarked in the 
trapped sample will be the same as the proportion of marked to un- 
marked in the whole population, if the traps take a truly random propor- 
tion of the population. Since the total number of marked animals is 
known, an estimate of the total wild population can then be calculated 
from the following simple equation: 


Size of sample when recapturing 
Number recaptured 
x number originally marked = total number in population 


Unfortunately, the assumptions of randomness of the trapping do not 
hold true. Animals do not mix at random, nor is one individual as trap- 
prone as another. Much ingenuity in designing trapping programs is 
required to minimize these difficulties, and several ingenious statistical 
methods have been devised to make the most of trapping records 
(Overton and David, 1969). Wildlife biologists spend much time on these 
problems. With enough work it is usually possible to arrive at a tolerable 
minimum estimate of population size from trapping samples. 

Aging animals is usually more difficult than counting them, and age is a 
vital datum for constucting a life table. Some animals obligingly carry in- 
dexes of age with them; such as wear on teeth and rings on scales, but 
most do not. Trapping and marking can be used as a guide sometimes, for 
at least you know how long a recaptured animal has lived since it was 
first marked. This method is attractive for work with birds because you 
can band the young in their nests, but bird studies suffer the difficulty that 
there are usually very few recaptures, most of the banded birds simply 
disappearing. 

Marking of all the individuals of a population at one time was managed 


for sessile rotifers (Floscularia) in a pond by Edmondson at the University 
of Washington. The tiny animals live in tubes which they make from par- 
ticles around them, and to which they constantly add. Edmondson (1945) 
dusted their habitat with particles of carmine, some of which the animals 
promptly incorporated into their tubes. In subsequent visits, Edmondson 
was able to spot the individuals who had lived at the “carmine” time, to 
determine how much they had grown since, and how many had been 
replaced; all the information he needed to describe the population. A 
similar datum point for sessile animals is provided by the natural habit of 
barnacles, which start their lives as pelagic larvae but soon anchor to bare 
rock there to be fastened and to grow for the rest of their lives, providing 
an ecological actuary with the same sort of advantage that Edmondson 
contrived with his carmine. All one has to do is to scrape a piece of inter- 
tidal rock clean, and then to watch the developments of barnacles on it in 
subsequent years. There have been several intriguing studies of this sort 
with barnacles (Moore, 1934). An obvious disadvantage is that no record 
is left of the mortality of the pelagic larvae, doubtless the greatest mortal- 
ity suffered by the population. 

When estimates of age can be combined with an accurate census, it is 
possible to construct life tables for natural populations of any animal. In 
1947 Edward S. Deevey of Yale University drew the attention of biol- 
ogists to the possibilities in a lucid, and now famous, review article. He 
compared the problems of ecologist and actuary, and discussed the early 
work with bird-banding, barnacles, and mark and recapture. And he used 
some published data on a collection of skulls of Dall mountain sheep to 
construct the first life table for a big game animal, a beautiful exercise in 
armchair ecology. Adolf Murie (1944) had spent years around Mt. 
McKinley in Alaska, studying wolves. The wolves lived largely on sheep, 
so a collection of sheep remains, mostly skulls, was of interest as a record 
of the activities of the wolves. Murie also saw nothing to suggest to him 
that sheep commonly died in any other way than being eaten by wolves. 
Annual rings on the horns of the skulls recorded the age at which the 
animals died. All sheep skulls lay about for years on the mountain, so that 
all dead sheep left their record as ageable skulls. Murie (1944) collected 
608 of them, and published their ages. These data provided Deevey with 
just the information an actuary got from his book of government statistics: 
the ages at death of a large representative sample of the population. 
Taking a thousand individuals as his cohort, Deevey was able to constuct 
a now much-quoted life table for Dall mountain sheep (Table 26.2). 

The “number dying’ tabulation in Deevey’s Dall sheep life table 
showed that many died young and many died old, but that the animals of 
middle age were relatively immune from death. Deevey concluded that 
fit healthy adults must be able to escape from wolves either by running or 
by the group action of herding, and that only the feeble young or the 
feeble old could be cut out or run down by the wolves. If predation by 
wolves was the sole check on the Dall sheep population, it was exercised 
largely through culling the very young before they were old enough to 
breed. The extent of this predation, however, must depend on the 
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TABLE 26.2 
Life Table for Dall Mountain Sheep 


N 
o 
a 


153.0 


OT CO Oe ee rue 
URADwWODERRNODON 


* A small number of skulls without horns, but judged by their osteology to belong to sheep nine 
years old or older, have been apportioned pro rata among the older age classes. 


This table was constructed solely from examination of a collection of sheep skulls from Mount 
McKinley. It reveals that most mortality. was suffered by the very young and the very old, which 
Was as expected because wolves were the main source of mortality and they were known to hunt 
the weaker animals. (From Deevey, 1947.) 


number of wolves, and this number must be set by the energy that the 
wolf population could win by eating old sheep as well as young sheep. ile * 
the wolves killed too many young sheep, there would be fewer old sheep 
for the wolves to eat some years later, with consequent repercussions for — 
their own population. There must therefore be a rather complex rela- 
tionship between the number of wolves and the number of sheep, an 
equation of energy balance whose solution yields a death rate for sheep. 

A very different structure of mortality is revealed for another mammal, — 
the gray squirrel (Sciurus carolinensis), recently studied by Mosby (1969) 
ina Virginia woodlot. Mosby trapped and marked to get his data, setting 
enough traps for each squirrel to have a chance of going in more than one 
trap. He handled a large proportion of the squirrel population in his wood | 
every year for six years. His record of markings gave him some data on 
age as animals were recaught, and the disappearance of marked animals 
gave him rough estimates of ages at death. Squirrels do not carry obliging 
indexes of their ages, like the rings on the horns of sheep, but Mosby was 
able to assess roughly the age of each animal when first caught (and every 
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TABLE 26.3 
Life Table for American Gray Squirrels in a Woodlot 


subsequent time he caught it to check his estimates) from its size, weight, 
development of genitals, and state of fur. After his six years of work he 
was able to draw up a life table that reflected the actual development of a 
population through time (Table 26.3). The number-surviving column of 
this table showed that animals reaching the age of six months (at which 
age they appeared outside the nests and could be trapped) were dying 
quickly, and that they continued to suffer heavy mortality throughout 
what one would expect to be the years of their prime. Few reached old 
age. This is quite different from the survival pattern of the Dall sheep, 
which died young and old, as do humans, but were safe in their middle 
years. Apparently the population of gray squirrels was exposed to forms 
of death against which there was no special defense in being prime and 
fit. It would be interesting to know what agent strikes down the weak and 
the fit with an even hand. It would also be interesting to see a life table for 
gray squirrels which were preyed on by martens, carnivores which run 
them down as wolves run down sheep. Would the fit middle years of 
such a population seem relatively safe times? 

The different survivorship data of these sheep and squirrels thus give 
suggestive ideas of the ways of life of each. Such survivorship data can 
most clearly be presented graphically as survivorships curves, that is, as 
number of survivors plotted against time intervals. Different kinds of 
animals live widely different spans of time, so the scales of individual 
graphs can be widely different, but if age is plotted as percent deviation 
from the mean life of the population, instead of in actual age, the sur- 
Vivorship curves of different populations can be plotted on the same 
graph. Figure 26.1 shows Deevey’s (1947) computed survivorship curve 
for the Dall mountain sheep compared with survivorships of Edmond- 
son's carmine-labeled rotifers and Canadian Herring Gulls (Larus argen- 
tatus). Strangely enough, life expectancy of a tube-living rotifer seems to 


The data for this table were collected by mark and recapture techniques spread over six years. Un- 
like Dall sheep, the squirrels suffer roughly constant mortality throughout life. (from Mosby, 1967). 
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Figure 26.1 
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Survivorship curves of different animals drawn to a common scale. The tube-living rotifer 
has secure middle age, like the Dall sheep, but Herring gulls suffer constant mortality like 
the woodlot squirrels (redrawn from Deevey, 1947.) 


parallel that of sheep hunted by wolves, with long expectancy of life once 
the early years are safely behind it. The comparison is not really fair, how- 
ever, because the rotifer life is taken, for the purposes of the analysis, to 
start when a tube is first formed, when in fact there is a highly vulnerable 
larval stage to be passed before the animal settles to form its tube. The 
herring gull data, like that from many other birds, suggest a pattern more 
like that of Mosby’s squirrels, a steady hazard throughout life. It is hard, 
on the basis of this, to think that birds are commonly hunted by predators 
who must seek the weak and infirm in the way that wolves do. Herring 
gulls are probably little afflicted by predators anyway, and small birds 
may be as conveniently taken by a hawk when they are fit as when they 
rads poorly, so superior is the “firepower’’ which a hawk can bring to 
ear. 

The collection of data for the construction of life tables and sur- 
vivorship curves must always be very time-consuming labor, particularly 
when some unusual quirk of circumstance does not come to your aid, 
like the settling of barnacles on rocks or the preservation of sheep skulls 
on the tundras of an Alaskan mountain. It is seldom that a man can spend 
six years to describe the population structure of the squirrels of a woodlot, 
and few such studies have been attempted. Neither are the immediate 
intellectual rewards often worthy of the labor, for there may be little that 
is revealed by a life table that cannot be suspected from less time-con- 


suming observations. Nevertheless, the knowledge of population struc- 
ture embodied in life tables can be very useful for understanding the con- 
trols setting limits to the population. When wolves take young and old, 
we can expect a population of prime animals which changes only slowly 
with time, which is in a sense stable. The life tables of herbivores which 
are preyed on by wolves suggest density dependent control like that 
postulated for birds by Lack. On the other hand, life tables which show 
devastating mortality at some time in the lives of the animals studied 
leave much more room for catastrophic explanations of their population 
histories. There can be little doubt that if we had long term life tables for a 
significant proportion of the animals of our planet, we should be able to 
draw up a much more embracing theory of population regulation than is 
possible at present. The biologist man-hours necessary for such a task are 
not likely to be forthcoming for quite a while, however. 

But there is a pleasant practical side to some of the work of collecting 
population data, particularly of big animals, which sometimes allows a 
professional ecologist to make the most of his naturalist inclinations. 
Recently a student at Purdue University, David Mech, (1966) earned a 
doctorate by studying the wolves and moose of an isolated island com- 
munity, using his skills at following the animals on foot and with a light 
aircraft in quest of an understanding of their relationship. His study 
reflects not only the pleasures of field work but also the remarkable effort 
and cost needed for compiling simple statistics for even the biggest and 
most obvious animals. 

Within Lake Superior, the largest sheet of freshwater in the world, lies 
Isle Royale, an island 45 miles long and up to 9 miles wide. The island is 
now a reserve of the United States National Parks Service, where hunting 
is prohibited, and it supports a healthy population of moose and the 
timber wolves that prey on them. The animals of Isle Royale are effec- 
tively isolated from other herds and packs by the waters of the lake. 
Moose can swim as far as the mainland, and sometimes do, but so seldom 
that such contacts do not seriously affect the normal state of the island 
herds. Wolves can cross over the ice to the mainland during unusually 
severe winters; indeed, the island pack certainly reached the island 
across the ice during the last few decades. But Lake Superior is so large 
that ice bridges strong enough to permit migrations by the cautious 
wolves do not exist in most years, and the wolves are effectively restr icted 
to the island. Moose are the largest animals native to North America, 
animals that should be simple to find and count in the restricted space of 
an island. Timber wolves are pretty big, too, and their habit of living in 
packs aids detection. It should be possible to make whole population 
counts, not just trapping samples; and the counts of successive years 
should not be affected by immigration. 

Mech counted wolves from his aircraft, finding the main pack of them 
as it wandered the island in its endless hunting, and counting its 16 
members as they strung out along their trails. Other wolves, living alone 
OF as two or three made up the island population to about 20, and the 
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TABLE 26.4 


Life Table for Moose on Isle Royale 


1 2.56 2.17 85.00 
2 5.12 4.34 82.83 
1 2.56 2.17 78.49 
4 10.24 8.68 76.32 
8 20.48 17.36 67.64 
8 20.48 17.36 50.28 
6 15.36 13.02 32.92 
5 12.80 10.85 19.90 
4 10.24 8.68 9.05 
37 

39 99.84 | 84.83 | 492.80 
Ashes | if 


These moose are preyed upon by wolves like the Dall mountain sheep and, like 
the sheep, suffer most mortality when young and old (from Mech, 1966). The 
data have not been converted to a standard cohort, and wear class are used in- 
stead of years, since the correlation between the two is not precise. 


number did not change in the three years that Mech sought them out. 
Mech came to know them well, following the main pack at their hunting 
no less than 69 times, and nine times he circled close overhead all the 
way from the find to the kill. Twice his pilot landed him quickly enough 
in the vicinity of a kill for him to run to the victim, chase off the hungry 
wolves as they fed, and examine the prey before it was much eaten away. 
He found the remains of many other kills; and this study of the wolves’ 
eating habit told him much about the lives of the moose who were being 
eaten. All the moose that died were killed by wolves, who apparently 
singled out the ailing and the feeble. The young and the old were killed, 
and the fit of middle age survived. This was the same conclusion 
suggested for predation of Dall mountain sheep by Deevey’s study of 
their skulls, but for the Isle Royale moose Mech was able to confirm it by 
observation. Many times he watched fit adult moose run completely away 
from wolves or, more often, stand and successfully defy their assault so 
that they soon gave up. This observation alone would be enough to 
suggest that the survivorship curve should be sigmoid. To the observa- 
tions of the hunting wolves, Mech was able to add direct counts of the 
moose. A complete census by airplane was possible, although not so 
simple as might be thought from a first consideration of the size of the 
animals. Mech closely quartered the island at 400 feet, coming down and 
“buzzing” every moose or sign of moose to make anything there run. 
Buzzing a lone moose once set seven more to running which Mech and 
his pilot had missed until they started to move. But he was thorough, and 


was finally able to conclude confidently that there were about 600 moose 
on the island at the start of each winter of his study. Six hundred moose to 
20 wolves seems a nice sort of relationship, one in keeping with the 
energy-flow restrictions relating the numbers of predators to prey. In the 
spring, Mech could tell adult males from females by their antlers, and he 
could tell what proportion of the cows had calves because he saw the 
little animals run by their mothers’ sides when he “‘buzzed’’ them. From 
these data of kills, births, and sexes, Mech calculated the birthrate, the 
recruitment rate, the death rate, and population size, the sex ratio, and 
the rough age distribution of the population of moose on Isle Royale 
(Table 26.4). 
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If populations of some kinds of animals could be checked by recurrent 
catastrophe, we should look for hints of it in the harsh places where nat- 
ural catastrophe might well be expected. Ecologists working in one such 
harsh place, the edge of the South Australian desert, did find hints of 
recurrent disaster, and developed from them a general theory of popula- 
tion control through the recurrent catastrophes represented by changes 
in the weather. Andrewartha and Birch were able to show that the dens- 
est populations of grasshoppers and thrips in their area were in no way 
influenced by the pressures of their own crowding, but that the popula- 
tions were always still rising quickly when there was widespread massa- 
cre due to a change in the weather. It was possible for the catastrophe 
to be so complete that the very existence of the species depended on the 
chance survival of scattered individuals. The animals whose lives were 
regulated by weather in this way were opportunistic species having 
great powers of dispersal, and with life cycles carefully synchronized to 
the seasons. Their way of life was subject to catastrophe, but they could 
live virtually free from competition between catastrophes. When such 
animals dispersed to places of more reliable weather they were unable 
to compete with the regular inhabitants. This could be explained by 
saying that they had evolved to use much of their available energy for 
the mechanisms of dispersal, leaving relatively less for the business of 
competition. Such opportunistic animals have also been called fugitive 
species, because they must always flee competition in comparatively 
equable places. Their species are able to persist, however, because there 
are always enough Suitable habitats scattered about for local popula- 
tions, freed from competition, to repair the damages done by 
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catastrophe elsewhere. The pioneer plants of the classical successions 
may be considered as fugitive opportunistic species in this way. The ex- 
istence of opportunistic species, whose peak populations apparently 
seldom crowd, does not conflict with the idea that species are formed 
through character displacement in competing populations, because 
even opportunists may crowd sometimes, or because opportunism itself 
is the result of character displacement of one of two competing equilib- 
rium species. But it is interesting to see if speciation is possible without 
displacement all the same. Models for this have been put forward, the 
crucial parts of which are “either, or,” choices faced by animals at some 
times in their lives. 


Much of southern Australia has a Mediterranean climate, with moist 
winters and dry summers. Winter and spring rains flush a short-lived 
green pasture, and allow a hasty crop of wheat to be grown. The winters 
are so mild that water rarely freezes, but the summer may be hot and 
parching. And on top of this pattern of sharply alternating seasons there is 
much uncertainty of how much rain the spring will bring, since the wet- 
test year of a 20-year period may have more than three times the rainfall 
of the driest. This is an environment of much uncertainty for its natural 
animals, one in which the vagaries of weather might be expected to bear 
heavily on the fortunes of populations. Insect pests have sometimes 
reached devastating numbers in southern Australia, and their study has 
produced perhaps the best evidence we have of how dramatically 
weather may in fact act as a agent of population control. 

One of the pests is a grasshopper Austroicetes cruciata, which has 
sometimes become such a nuisance that even an official account by an 
entomologist could describe the swarms as “too obvious to need 
counting” (Figure 27.1). From 1935 to 1939 the swarms were present 
every spring, closely watched by entomologists who then could do little 
more than watch. But in 1940 the swarms went away, fortunately for 
ecological theory with the entomologists still closely watching. They saw 
the animals die. + 

Austroicetes cruciata seems specially adapted to the sharply alternating 
seasons of southern Australia. There is never more than one generation in 
a year. The animal passes the long succession of inclement months of the 
dry summer and the cool winter as dormant eggs, eggs in that quiescent 
durable state of some insect stages which is called diapause. The rising 
temperature of spring breaks this sleep of diapause, and the young 
nymphs hatch ready to feed on the green herbiage of spring. Within 50 
days the baby grasshoppers have become adults and are ready to mate 
and lay eggs. But the drought of summer is coming. They must have 
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Cue for 


hatching 
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Life cycle of Austroicites cruciata. 


enough food to stock their developing ovaries with fertile eggs, and the 
success of reproduction becomes a race against time. If the spring is wet 
enough, the grass stays green a long time and many batches of eggs are 
laid safely in the soil for the long sleep of diapause. But if the rains fail, the 
adults die before they can lay their eggs. The result is a disaster for the 
population, a catastrophe that could well threaten the existence of the 
species. L. C. Birch and H. G. Andrewartha (1941) watched such a mass 
death of grasshoppers in the spring of 1940, noting first the omminous 
low rains of the previous winter and early spring, tains only a third of 
those usually expected, then seeing the young hatch in great numbers 
from the eggs as the coming warmth broke diapause, and then seeing the 
animals vanish as they starved to death. Very few were left when the ma- 
ture swarms should have been around, although there were pockets of 
survival, particularly near the irrigated wheat fields of the farmers. Here, 
however, flocks of birds harried them, and cleaned up nearly every one. It 
seemed not unreasonable to suppose that the bird population of large 
areas was feeling the insect shortage of the drought and, being able to 
search country, sought out the last populations of grasshoppers and 
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hungrily ate them all. The grasshopper plague was over, for this year and 
for next year too. 

There can be no doubt at all that the grasshopper population was cut 
down by the weather in a catastrophic way. There was no effect of den- 
sity in this mass death. The animals were not short of food because of 
competition, either with their own kind or with other animals. They were 
short of food because there was no food for anyone. Theirs was not the 
sort of mass death suffered by overwintering birds after one of Lack’s ir 
ruptions. After an irruption the pressure of crowding increased mortality 
only until a normal breeding population was left, but from the grasshop- 
per swarms there were practically no survivors. The species itself could 
only continue to exist because over the huge extent of its range there 
were likely to be a few isolated favored places where an adult could lay a 
purse of eggs before hunger swept it away. Replacing the swarm with 
another swarm must take years of good fortune in breeding. 

Austroicetes cruciata has obviously been able to last as a species in 
spite of the catastrophies to which its homeland is prone, for the sort of 
mass death of grasshoppers which Andrewartha and Birch witnessed 
must be repeated, often, whenever the green time does not last for the 50 — 
or so days required for rearing adults from eggs. The grasshoppers are 
beautifully adapted to exploit this ephemeral season, dodging most of the 
year in the security of diapaused eggs from which they hatch only on the 
temperature cue of the rising warmth of spring. The species has found 
aniche that few others have found, so that it has the fresh annual growth 
almost to itself. But it must meet the occasional catastrophe, and this it 
apparently does by dispersal. The adults can fly long distances, and do so, 
spreading their kind over hundreds of square miles. When disaster strikes, 
there is a high probability that some grasshoppers somewhere will sur- 
vive. And in good times the relict populations can breed quickly, for 
theirs is a niche that gives them almost uncontested access to a food 
supply which they normally can scarcely impair. They are opportunists, 
living exposed to catastrophe, but free from competition. 

Another insect of southern Australia which sometimes becomes a 
plague of farmers is a species of thrips, Thrips imaginis. Like most of its 
kind it lives in flowers, where it feeds on pollen and soft tissue. The thrips 
are tiny black slivers of insects, whose general appearance is familiar to 
anyone who has sniffed a rose. One or two of them in a flower do no 
damage, since their food supply is then far in excess of their needs so that 
their feeding is scarcely noticed. But 40 or more thrips in one apple 
flower can so damage the ovary that no fruit is set, and Thrips imaginis — 
has sometimes descended on the orchards of southern Australia in den- — 
sities of 40 thrips to a flower so that the apple crop failed. When this 
happens, the fruit growers of whole regions of southern Australia suffer 
together, showing that whatever causes the thrips outbreaks must be 
operating over a very wide area. From the start of the investigations into 
the cause and cure of thrips epidemics, it seemed that the controlling 
agent must be the weather. 

Thrips imaginis, like the grasshopper Austroicetes cruciata, is a native 


to southern Australia, but it copes with changing seasons and unpredict- 
able weather in quite different ways. At no stage in the thrips life history 
is there a diapause like that which safely brings the eggs of Austroicetes 
through the drought of summer, so that the animals must be active in all 
seasons. Most of the lives of the thrips are spent in flowers, which young 
adults find by wandering flight. The eggs are laid in the flowers, and the 
young grow to their full size in the same flowers. But then they must walk 
down from the plant, bury themselves in the ground, and pupate; after 
which each young adult must fly away from its perch on the ground in 
quest of a flower in which to pass the rest of its days. The search for a 
flower appears to be the one desperate enterprise in the life of this animal. 
If flowers are scarce the chances of finding one must be poor, and then 
the thrips must die without laying eggs. But, if it finds a flower, then its 
own old age and the growth of its offspring are virtually assured, since 
there are apparently very few serious thrips eaters at large in southern 
Australian flowers. In the cool winter there are apparently enough flowers 
left to tide the animals over. Summer is the really bad time, because then 
flowers are very scarce indeed. The species must depend on a few indi- 
viduals finding the surviving flowers of sheltered places; but the strategy 
of the species accepts that every summer is a disaster summer, a time 
when most of the thrips who were reared in the spring must die because 
they fail to find any food. The few that do find flowers, however, have all 
the food they need, and so leave descendents to start the population 
booming again when next the rains provide many flowers for wandering 
thrips to find. Every year the population must rise in the spring, crash in 
the summer, and hold its own from scattered bastions of flowers 
throughout the rest of the year. The monthly population of thrips is thus 
determined by the number of flowers, which is in turn determined by the 
weather. 

Davidson and Andrewartha (1948), with the facilities of an en- 
tomological field station at their disposal, set out to monitor the popula- 
tion size of Thrips imaginis over the changing seasons, and at the same 
time to record the weather. Could the population size be so closely 
correlated with the weather that the times when thrips became a pest 
were explained as the consequences of unusual weather? They needed 
an easy method of census, and found it close at hand in the station’s rose 
garden. Every day they plucked a rose, and counted the thrips on it. There 
were at least a few roses in the garden all year long in the benign climate 
of Adelaide. The counts of thrips on the chosen rose varied little from day 
to day, suggesting that this novel census did provide representative 
samples, but there was a great increase in the numbers of thrips found in 
each rose in the spring. This was quite independent of the fact that there 
were more roses. With the onset of summer drought, the numbers of 
thrips on each of the remaining roses fell sharply, as had been expected. 
Davidson and Andrewartha counted their rose-full of thrips almost every 
day for 14 years, during which time they had counted more than 6 
million thrips. 


Every spring the rose count showed that the thrips population was at its 
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Figure 27.2. The numbers of Thrips imaginis during spring each year for seven consecutive years. The 


numbers in late winter were the same each year, suggesting control at this low plateau by 
density-dependent factors. But the blooming of many flowers in the spring always caused an 
irruption of thrips. The size of the irruption was dependent on the length of the flowering 
season, so that the maximum size of the irrupted population was independent of density. 
(Notice that the Australian spring comes in December). (From Andrewartha and Birch, 
1954.) i 
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maximum, but the populations of different springs varied widely (Figure 
27.2). Apparently population expansion was continuous until the drought _ 
of summer came, and this could be early or late. Sometimes the spring a 
increase was modest, sometimes large, and just a few times it was very 
large indeed. Among these times were years in which the apple crop 
failed because of thrips attack. 

Davidson and Andrewartha chose four easily measured parameters 0 
weather which their knowledge of the thrips life history told them shoul 
be important to the animal, parameters describing the warmth an 
wetness of the summer preceding the growing season and of the growin 
season itself. Then they summed these effects by the method of regression — 
analysis to predict the numbers of thrips that should be expected if thes 
parameters, and these parameters alone, were controlling the thrips pop- 
ulation. The match (Figure 27.3) between the expected numbers of thrip , 
each spring and the observed numbers is very close indeed. From this, — 
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Correlation of size of thrips’ irruptions with predictions based on meteorological data. Four 
parameters of weather were used to predict the relative size of thrips’ outbreaks in succes- 
sive springs (continuous line). The bars describe the actual size of outbreaks as recorded in 
the roses of the garden of the experiment station at Adelaide. 


Davidson and Andrewartha could conclude that the population of Thrips 
imaginis directly reflected the weather of the preceeding months. This 
was useful from the practical standpoint, of course, because it should be 
possible to predict future outbreaks by watching the changing weather. 
But it was also important for population theory, because it showed that 
thrips numbers in the spring were controlled by weather in a catastrophic 
way. The long-term history of thrips populations was a series of exponen- 
tial growths followed by mass deaths, and the size to which any ex- 
panding population could grow was set directly by the date at which 
weather struck with its axe of drought. Like the grasshoppers, the thrips of 
peak populations were killed in ways which were neither caused by, nor 
triggered by, the density of their own populations. This is not density- 
dependent death as envisaged by the logistic model. It can be argued that 
there is a density-dependent quality about the chances of any individual 
thrips’ dying, because the choice of survivors who find refuge must be af- 
fected by the number seeking refuge, but this is not density dependence 
as understood in the logistic model. The actual number of survivors is set 
by the number of refuges available, and this is not a property of the popu- 
lation. 

And yet the history of these thrips populations includes times of density 
dependence, since the populations in winter are nearly constant and the 
same each year. It rather looks as if the thrips population is kept at a low 
plateau in winter by some controlling device, which must be density 
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dependent, but that it escapes this plateau for the rest of the year to face 
catastrophe. Each spring is an irruption year for the thrips. Looking at the 
little animals in this way makes the problem of their abundance compara- 
ble to that of the abundance of birds whose populations sometimes irrupt. 

Andrewartha and Birch (1954) had together performed many of the 
studies which unraveled the histories of the Australian grasshoppers and 
thrips. They took note that the peak populations of both were limited only 
by the weather, and that the peaks apparently never rose so high that 
numbers began to be suppressed by the effects of crowding. The fates of 
the grasshoppers, indeed, seemed unaffected by density even in the bad 
years, since the very survival of the species was staked on chance 
allowing a few individuals to survive each drought somewhere in the 
vastness of southern Australia. Eventually the species was going to be 
unlucky so that there should come a drought which allowed no survivors, 
when the species would become extinct. But species were always 
becoming extinct; always had been; always would be. So Andrewartha 
and Birch argued that the animals they knew best were not normally 
regulated in density-dependent ways, but by the weather. But if these 
animals, why not other animals also? All countries had weather; all 
animals must accept an environment that kept changing, often in unex- 
pected ways. Bird men may have convinced themselves that the numbers 
of birds were the same every year, but most animals were not birds. To a 
student of insects the morrow was not predictable, for it was well-known 
that some years were good for insects, and some years were bad. Think- 
ing on these lines, Andrewartha and Birch countered the prevailing 
density-dependence hypothesis of population control with their own gen- 
eral hypothesis of control by accident of weather. They published this as 
a book, The Distribution and Abundance of Animals, in 1954, the very 
year that the formal statements of the density-dependent hypothesis by 
Nicholson and Lack appeared (Chapter 25). 

Much of the argument for density dependence, of course, had been 
based on the apparent success of the logistic equation as a model for the 
growth of experimental populations and for prediciting the general appli- 
cability of the exclusion principle. But this argument was vulnerable 
(Chapter 22) to the criticism that only populations of simple animals in 
simple systems conformed to the logistic model, and that all such simple 
animals conformed to the model because they were constrained to do so 
by the conditions of the experiment. This is Hutchinson’s analog com- 
puter argument. In The Distribution and Abundance of Animals can be 
found perhaps the most thorough and formal examination of the defi- 
ciencies of the logistic model which the literature of ecology affords. In 
the course of it, the authors also critically examine the use of the word 
“competition” in ecology, for the logistic hypothesis had required that 
animals did compete for limited resources when they became crowded. 
Andrewartha and Birch were quick to find that ecologists often talked of 
competition when they had no evidence for it, that although a gray 
squirrel replaced a red squirrel in England there was no evidence that 
they had actually competed, and so on. They concluded that neither the 


logistic hypothesis, nor the underlying idea of competition, had really 
been tested against wild populations, leaving the way open for their rival 
hypothesis of control by weather. But they needed more supporting evi- 
dence for a general theory, and they found it in the claim that the earth 
was green. 

The green-earth argument goes like this: The earth is carpeted green 
with plants, which means that there should always be plenty of plant food 
available at the surface of the earth. But most animals are herbivores, a 
truism summarized by the concept of the Eltonian pyramid and explained 
in terms of energy flow. If these herbivores were limited by food energy, 
and if they competed for food, then we should expect the food supply of 
herbivores to be constantly used and restricted. In which event the earth 
should not be green but eaten piebald by the herbivores. Therefore, since 
the earth is green, herbivore numbers are kept down in some way. 
Andrewartha and Birch then postulated that what kept the herbivore 
numbers down was weather, just as it kept down the numbers of the two 
herbivores they themselves had studied; the Australian thrips and grass- 
hoppers. They realized that some insect plagues do overeat their plant 
food supplies, and that large mammals such as goats do sometimes 
destroy their range, but they claimed the supposed greenness of the earth 
as evidence that this is not usual. Thus did their theory of density-in- 
dependent control by weather gain generality. Some insects are con- 
trolled by weather; most animals are herbivores; the herbivores eat so 
little that the earth is green; therefore, most animals are probably con- 
trolled by weather. 

But there are now a number of criticisms of the green-earth argument 
which together are sufficient reason for discarding it. For one thing, views 
from space have now shown us that the land surface of the globe is not 
green; it is brown. The impression that it is green comes from the human 
habit of living in the few well-watered valleys of the earth where it is 
green, but even places like these have plenty of brown in them. | recently 
flew over the rain forests of Ecuador and saw that the emergent trees of 
the canopy were brown, even though the under-story plants were green. 
But even if you accept that the most fertile regions are really always 
green, the green-earth argument can still be shown to be unsound. One 
approach to it is to accept that greenness means that herbivore popula- 
tions must be kept low by factors other than food, but to deny that these 
factors have anything to do with weather. Predators are the most likely al- 
ternative explanation. If predators compete to eat herbivores, then it is 
likely that they will eat so many that there will be few escaping. Viewed 
in this way, the greenness of the earth becomes due to the activities of 
predators rather than weather, and Andrewartha and Birch are again left 
with the task of showing that weather is the prime cause of death and 
control. 

A second objection comes from the realization that plants commonly 
have chemical or physical protection against being eaten, limiting con- 
sumption to few chemically adapted animal species and protecting part 
of the crop from being eaten by herbivores at all. The tannin in oak leaves 
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is a now well-known example of this kind of thing, a development that 
requires oak-leaf feeders to restrict their activities to the first weeks of 
spring before the tannin is deposited. After this the oak leaves are inedible 
and must eventually go to decomposers. It follows that herbivores of such 
plants can be strongly food-limited even though the tree is green 
throughout the growing season. 

But the third objection is perhaps more potent still. There is growing 
evidence that many plant populations are, in fact, controlled by the her- 
bivores which eat them, showing, incidentally, that these herbivores are, 
in turn, limited by their plant food. The earth remains as green as it does 
inspite of this herbivore pressure because plants have adapted to put out 
fresh leaves, or fill holes in the canopy left by neighbors, as fast as they 
are eaten. And they can do this because of the enormous and constant 
energy supply which they receive from the sun. The replacement of loss is 
so prompt and effective that we do not notice it. This conception is dis- 
cussed in Chapter 34. 

But if the greenness of the earth argument could not be used to suggest 
that most herbivore populations are held down by inclement weather, it 
was yet true that Andrewartha and Birch had shown that some of them 
could be. The interesting question thus becomes, ‘How widespread is 
the phenomenon of control by weather?’ Are many animals controlled 
by weather, as Andrewartha and Birch claim? Or is it only a few and, if a 
few, what kinds of animals? 

Further consideration of the history of Austroicetes cruciata popula- 
tions shows how these questions may probably be answered. The area in 
which swarms of the grasshoppers had been common formed a belt run- 
ning parallel with the coast but some distance inland (Figure 27.4). The 
country on the seaward side of this line was comparatively moist, but that 
to the north was dry grassland bordering the central Australian desert. The 
grasshoppers could probably not swarm further inland than they did 
because, there, every summer would be a disaster summer in which 
grasshoppers would usually starve without laying eggs. Immigrant adults 
do often start colonies to the north, but they always die out. To test this 
hypothesis, Davidson and Andrewartha (1948) mapped the regions with 
ratios between precipitation and evaporation of 0.25, an index known to 
describe roughly the edge of desert vegetation, and the resulting isopleth 
convincingly defines the northern limit of the grasshopper swarms (Figure 
27.4). Beautifully adapted though the grasshoppers were to the vicissi- 
tudes of southern Australian seasons, they were not able to thrive beyond 
this line because it was too dry there. 

To the south, however, it was not too dry; and yet the grasshoppers 
never managed to swarm. Davidson and Andrewartha thought it must be 
too wet, and were able to match another precipitation evaporation 
isopleth, one suggesting the edge of wetter times, to the southern bound- 
ary (Figure 27.4). But this does not mean that wetness per se sets a limit to 
spread of the grasshoppers. Dryness sets a northern limit all right, this we 
know because Andrewartha and his colleagues actually observed herbs 
and grasshoppers dying in the drought, of the drought. But nobody has 


The area of South Australia where Austroicetes cruciata may, during a run of favorable years, 
maintain a dense population. The isopleth (precipitation/evaporation ratio) lines show that 
the distribution parallels a climatic distribution. The northern limit may be set by the 
shortness of spring, but the southern limit is probably set by other animals (see text). (After 
Andrewartha and Birch 1954.) 


seen an Austroicetes die of wetness. The moister climate of the coast is 
not so moist that grasshoppers are drowned or their eggs flooded. What 
the comparitive moistness probably does do is to allow other animals 
inimical to the grasshoppers to thrive there: predators, competitors, or 
animals which eat its eggs, or pathogens. These agents must certainly be 
dependent on less dry weather; but they should act in density-dependent 
ways when they do act. In moister climes, then, Austroicetes cruciata is 
likely to be limited to populations well below swarm numbers by density- 


dependent effects of the environment, but in the dryer climate of the 


north it is freed from those restraints. It wins this freedom with its splendid 
cycle synchronized with the 


adaptations of diapausing eggs and a life 
seasons, but it pays the penalty of being subject to the catastrophes of its 
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dry environment. It overcomes the dangers of this penalty, in turn, by 
having great powers of dispersal which ensure that some individuals 
somewhere always survive catastrophes. The animal is an opportunist. Its 
general qualities are suited to life in unstable environments subjected to 
sudden change, and it has notable powers of dispersion. It is opportunist 
animals such as this which, exposed to hazard of weather in their normal 
lives, are most likely to have their numbers curbed by accident of 
weather, Population lows may be controlled by density-dependent 
factors, but population highs seldom are. And the history of their popula- 


‘tion growth is hardly ever sigmoid or logistic. 


There must be many kinds of opportunist animal, and of plants also. The 
earth affords many unstable habitats scattered round the edges of places 
with more reliably favorable climate. In a lucky year, the unstable places 
are tolerable, but if the seasons are unfavorable the colonists of other 
years may die. It is thus good strategy to be opportunist, to bé able to dis- 
perse far and fast so as to be able to occupy such places in good years, 
and to have a large scattered population which will ensure that some sur- 
vive the inevitable decimations. If you are small and short-lived, oppor- 
tunism is probably the only satisfactory strategy for life in unstable places, 
but if you are big, and with a low metabolic rate, an alternative strategy is 
open to you; you may just sit tight through the bad times, living on your 
reserves and reducing your life processes to the minimum. In this way 
your population may survive the bad time, continue growing in sub- 
sequent good times, and finally reach numbers where the effects of 
crowding are important so that a population equilibrium is attained. The 
large plants of deserts follow this strategy. They live in the same sorts of 
unstable place which forced opportunism onto Austroicetes cruciata, but 
their populations are relatively stable. They are equilibrium species. Such 
an equilibrium tactic in unstable places is easier for plants than for 
animals, although large animals may manage by devices such as hiber- 
nating and aestivating. But small plants adopt opportunist strategies in 
unstable places also. The annuals of deserts are living lives akin to that of 
Austroicetes, managing a brief flowering in the wet times and making 
many seeds which shall tide over the dry times. 

Opportunists who disperse so well to desolate places presumably also 
disperse to more desirable ones. But they do not persist there. The reason 
for this is likely to be that the equable places allow all populations to rise 
until the effects of crowding force a population equilibrium. Equilibrium 
strategies are favored in such predictably favorable places. But oppor- 
tunist species have diverted relatively large amounts of energy into an 
apparatus of dispersion which is now largely redundant, and they have 
foregone specializations which would let them make the best use of the 
resources of a more stable environment. When they come back, they 
cannot compete with stay-at-homes and win. They are compelled to be 
permanent opportunists, taking advantage of their ability to disperse by 
living in marginal places all to themselves, but always having to yield 


when they find themselves in good places. Hutchinson (1951) has called 
them fugitive species; they are forced to flee the competition of equilib- 
rium species, and they persist only because they can exploit fresh oppor- 
tunities faster than the equilibrium species. It was such animals that 
Andrewartha and Birch studied, and whose populations they found to be 
largely controlled by weather. 

Hutchinson documented his discussion of fugitive and equilibrium 
species with copepod examples, using particularly the story of Eury- 
temora and Diaptomus in Britain which Elton told (Chapter 21). Eury- 
temora was a fugitive, occupying fresh formed sewage ponds quickly and 
enjoying a brief abundance. The equilibrium animal, Diaptomus, dis- 
persed slowly, but took the ponds for itself when it did arrive. 

Copepods are small and short-lived like insects, but bigger more per- 
manent things can be fugitives, too. MacArthur (1958) found evidence 
that warblers can be. Two of the five sympatric species which he studied 
(Chapter 24) laid many more eggs in years in which spruce budworms 
were common than in other years, but the remaining three species laid 
roughly the same number of eggs every year. The two who took advan- 
tage of the budworms so were being opportunistic. Their populations 
went up steeply with every budworm outbreak. But they were the two 
species whose niches, as determined by places of feeding and methods of 
hunting, were least specialized. In years when budworms were not par- 
ticularly abundant, their numbers fell quickly. MacArthur concluded that 
they were true fugitive species. There were probably often local extinc- 
tions caused in lean years by their not being able to compete well for food 
with the other three equilibrium species. Massive increases in numbers 
during budworm outbreaks then enabled them to recolonize these lost 
places. Their total population fluctuated widely. And the final agent of 
control was whatever caused the budworm outbreaks; which may, or 
may not, have been the weather. 

The distinction between an unstable habitat and an equable one is rela- 
tive; so also must be the separation between opportunistic fugitive 
species and equilibrium species. There clearly must be halfway stages 
and halfway strategies that reflect occasional catastrophes and occasional 
equilibrium conditions. There are gradients of climatic stability, often 
running across continents, and’ they must be reflected in changing 
degrees of opportunism. This is perhaps most clearly revealed by plants, 
as when the proportion of annuals (opportunists) in a flora increases 
along a line from forest to desert. Such a cline of increasing opportunism 
is nicely shown in Raunkiaer’s old system of life-forms (Chapter 2). 

Even in generally equable places there will be local habitats which are 
unstable. The ever-changing landforms of the earth’s surface are always 
creating fresh unoccupied places which are potential homes for oppor- 
tunists. Wherever streams cut, rocks falt, shorelines emerge, hurricanes 
uproot, droughts kill, floods drown, or lava cools, there is fresh ground 
ready to be colonized. Opportunists, being specialists at dispersion, are 
likely to get there first but, since the fresh bare ground may be in a place 
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of generally stable climate, the equilibrium species will not be far behind. 
The opportunists enjoy the new land only briefly, after which they are 
eliminated by competition. Some fugitive propagules must meanwhile 
have reached a fresh patch of bare ground. 

In this process of opportunists being replaced by equilibrium species 
we have an explanation of ecological succession in plants. Many of the 
first plants to reach any bare spot must be fugitive species. They are 
replaced in succession by slower moving but more competitive equilib- 
rium plants which follow. We can have little doubt of the reality of this 
competition for the succeeding plants physically overtop and dominate 
the pioneers. Successions are thus necessary consequences of the fact 
that bare ground is always being produced by physical processes, 
providing niches for opportunistic species. 

As the pioneer vegetation becomes established, so the animals as- 
sociated with it arrive. These, too, are opportunists who must be able to 
disperse well. It is likely that their populations may be subject to 
catastrophe, as were the opportunist insects studied by Andrewartha and 
Birch, but this perhaps may be dependent on the actual size of the bare 
ground being colonized. If their physical separation from the poo! of 
equilibrium species is slight, some pioneer animals may yet be in reach of 
other animals inimical to them. Predators travel, and are sometimes of 
catholic taste, so that control from such agents is still possible for the her- 
bivores of successional vegetation. Yet the universality of the phenome- 
non of plant succession does suggest that there are places for oppor- 
tunistic animal species to live in all parts of the world. It may be, 
therefore, that some populations in all regions are sometimes controlled 
by accidents of weather in the ways suggested by Andrewartha and Birch. 
It is also perhaps more likely that in places of reasonably mild climate 
most animals are equilibrium species whose populations are checked or 
depressed by density-dependent factors. There are, however, huge areas 
on earth with unstable, unpredictable climates where control by weather 
may be normal: the tundras, the edges of deserts, and the lands afflicted 
by monsoons. 


There is yet one question we must ask ourselves, if we accept that some 
opportunistic animals are normally controlled by weather. What of the 
exclusion principle? These animals are good species; but we have es- 
tablished an ecological view of speciation which includes the phenome- 
non of character displacement to avoid competition according to the 
exclusion principle. If the populations of these animals are kept well 
below the level that their resources should allow, how can the popula- 
tions ever come into competition? A simple way of answering this is to 
say that sometime they did escape catastrophe long enough to establish a 
short-lived equilibrium population. During this time the populations of 
similar opportunistic species merged, and were separated by character 
displacement. Short-lived states of equilibrium are possible for even op- 
portunistic species like the Australian grasshoppers and thrips, and even 


have some inherent probability among the history of random 
catastrophes that afflict them. Perhaps even more likely is that character 
displacement can occur in the unfavorable seasons when even oppor- 
tunistic species are likely to be under density-dependent control. The 
Australian thrips of Andrewartha and Birch were clearly regulated to a 
plateau in the unfavorable season, suggesting that their lives at these 
times were essentially those of equilibrium animals and thus ripe for char- 
acter displacement. Another alternative is that the opportunistic habit is 
itself the result of displacement between two equilibrium species; that 
one of the original pair avoided competition by developing great powers 
of dispersal and other trappings of opportunism. From arguments such as 
these we may say that the exclusion principle is not disputed as a result of 
the evidence that opportunistic species are sometimes controlled by 
weather. 

But there is another, perhaps more interesting, way of looking at the 
problem of speciation suggested by these findings. This is to deny that the 
exclusion principle is necessary to explain speciation. This argument 
starts by noting, as Andrewartha and Birch note in their book, that 
Gause’s models of competitive exclusion are based on logistic models 
that are themselves suspect. This is the ‘analog computer” argument 
again. But, goes the response, all species do occupy separate niches from 
which other kinds are barred; how can this be if you deny exclusion? To 
answer this retort, it is necessary to show how species occupying distinct 
niches can be evolved without the aid of competition, and there are now 
models being put forward which do allow for this. A recent example is 
that of Mitchell (1969) who discusses speciation in parasitic water mites. 
Three different damsel fly hosts live in distinctly different parts of ponds, 
providing an element of spatial separation from which the evolving mite 
parasites can “choose.” Two species of water mite live on all three kinds 
of damsel fly, but one mite fastens always to the abdomen of the 
emerging fly and the other always to the thorax. Here are two closely 
related sympatric species whose niches manifestly do not overlap; how 
did this come about? Mitchell produces a convincing model to show that 
it is inherently unlikely that a water mite should fasten to any part of the 
host except these two extreme positions. The mites reach the adult host 
by lurking on the pupa case and waiting for the fly to emerge. When it 
does so, it comes partly out, then rests awhile with the thorax exposed. A 
mite can get aboard or not. Then the fly jerks the rest of the way out, and 
rests a second time but with the tip of the abdomen near the case. The 
mite then has a second chance to grapple and board. This behavior of the 
host ensures that all mites will be on one place or the other. Mitchell 
shows how two species of such animals could evolve without any com- 
petition between the populations. A mite with a thorax-grabbing ten- 
dency arrives in one part of a miteless pond, and breeds thorax-grabbing 
offspring on the local species of damsel fly. Meanwhile an abdomen- 
grabbing mite breeds abdomen-grabbing offspring on another of the 
isolated damsel fly populations. The argument is one of probabilities but, 
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given the “either, or’ choice with which the emerging habit of the 
damsel flies presents the mites, it can be shown that two separate, nonin- 
terbreeding populations can arise without competition. We know ‘0 little 
about most animals, that it is quite possible that many are sometimes 
presented with critical ‘‘either, or’” choices during their lives. If they are, 
then there is always a definite probability that separate species will 
evolve without populations having to compete. A rather similar argument 
has recently been used to explain the many related fish species found in 
East African lakes. This line of argument does not suggest that character 
displacement does not occur. It merely suggests that species can separate 
in more ways than one. And it aids the suggestion that populations can be 
controlled in more ways than one also, by the effects of crowding and by 
the vagaries of weather. 


From the very first, ecologists have had at the backs of their minds the 
idea that predators must represent one of the strong controlling forces 
of nature. Those who have recently developed the idea that complex 
ecosystems should be more stable than simple ecosystems have relied 
on the assumption that predators are always a controlling influence on 
the numbers of their prey, suggesting that the more kinds of predator 
and prey there are the more perfect the control, and those who have 
sought to explain a general balance of nature with the hypothesis of 
density-dependent control have often looked to predators as prime 
agents of that control. Yet, for large animals, at least, it has been hard to 
find evidence, even circumstantial evidence, that predators do in fact 
exert such control. Much of the supposed evidence is anecdotal, being 
accounts of deer numbers rising after predators were shot during the 
settlement of North America, but such a rise in deer numbers could 
have resulted from changes in the vegetation, whether the predators 
were shot or no. The one apparently well-documented story, that of the 
Kaibab Plateau, is now known to have been embroidered to the point at 
which it must be considered to be mostly fiction. There is good evidence 
that wolves confined on small islands can control the numbers of their 
ungulate prey, but this does not mean that such control could be at- 
tained in the open spaces of a continent. A number of studies now 
suggest that large mammalian predators commonly take only the sick 
and the old, thus culling animals which were due to die anyway and not 
acting as prime agents of control. Some control may be effected when 
young animals are taken, but that control may be no more than one 
among many density-dependent pressures. Recent studies of African 
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game herds actually suggest that predation is one of the lesser control- 
ling influences. It is thus possible to conclude, if rather cautiously, that 
large predators are not often the primary agents in controlling their prey 
populations and that predation is only one of a set of density-dependent 
factors at work. Many large predators may properly be considered to be 
scavengers rather than killers of prime animals. 


Predators kill; it follows that they reduce the numbers of their prey, re- 
stricting or even controlling them. This simple equation has dominated 
man’s thinking about nature since before recorded history. Probably the 
first man who ever kept sheep lost some to wolves, and cursed the wolves 
accordingly, passing on his opinions to his offspring so that wolves finally 
became ogres in fairy tales. Such caricatures of predators are with us yet. 
In Alaska, agents of the government are still killing wolves from airplanes, 
apparently under the general belief that it must be ““good’’ for the ‘““game’’ 
to do this. In the landed estates of Europe, managed for the last 200 years 
as places where you shoot gallinaceous birds, everything with hooked 
beak or claws has been hounded down for bounty, even down to sparrow 
hawks, fish hawks, and pine martens; and on little more than the belief 
that, “It eats flesh so it must be bad.”’ Curiously spiders, which seem 
physically repugnant to men, are “‘good”’ because they eat “‘flies,’” so we 
must preserve spiders. These attitudes to nature are wonderful materials 
for the student of the human mind, but they are also germane to a serious 
discussion of predation because they have affected our attitudes to the 
problem. 

Predators kill prey, but if they kill it all they must themselves starve. On 
the other hand, they will obviously kill as much as they can get. There 
must be a ““balance’’ between their efforts to kill and the escape of the 
prey, a balance that controls both the numbers of predators and prey. 
Thus the simple explanation of the “balance of nature’ which comes 
from our ancient impression of the role of carnivores. But is it really true? 
Is the greenness of the well-watered parts of the earth largely due to the 
vigilance of carnivores, who cull the plant eaters and keep their popula- 
tions low? Or is being killed for meat a relatively unimportant hazard in 
the lives of most herbivores, as apparently it was for Andrewartha’s grass- 
hoppers and thrips? And how, in turn, are the numbers of the predators 
themselves really restricted? Simple those these questions seem, it has 
not been easy to answer them with certainty. 

Indirect evidence that large predators may have a hand in controlling 
the numbers of their prey has come from the American experience of 
slaughtering predators as a first task of civilization. The history of the fron- 


tier was also a history of deliberate campaigns of extermination against 
the large native carnivores. Wolves, bobcats, coyotes, and pumas have 
been completely exterminated over most of their original ranges, even 
though these ranges were sometimes left as forest or prairie. This passing 
of the frontier has often seemed to be followed some decades later with 
plagues of deer, suggesting the obvious conclusion that the predators had 
controlled the deer herds in primitive times and that our killing of the 
predators had released the deer populations from this, their natural 
restraint. This is a generally compelling argument, but it suffers from the 
poor quality of the ‘experimental’ evidence. Killing predators was not 
the only task of the pioneers, who also burned forests, cleared land, 
farmed, released livestock, built roads, and so on. They changed the envi- 
ronment in many ways, so why should we decide that the key change 
was the removal of predators? 

Many professional opinions on the importance of predators have been 
based on the supposed history of the Kaibab deer herd. The Kaibab Pla- 
teau is a wild area bordering the Grand Canyon, and it was declared a na- 
tional park in the conservationist era of Teddy Roosevelt at the turn of the 
century. All the big predators of the park were then shot out by govern- 
ment hunters while, at the same time, a complete embargo was placed on 
the hunting of deer. Then, in the 1920s and 1930s came reports of there 
being too many deer in the park, and there does seem no doubt that the 
numbers had risen over what were present when the place was first 
declared a reserve. Unfortunately, we have no good census figures for deer 
present in the park at any time in its early history, only various visitors’ 
and warden’s “estimates”. These are perhaps good enough to suggest 
that the herd tripled or even quadrupled its size in 20 years, although they 
by no means prove that it did. Such an increase need not be surpising for 
any place as disturbed as the Kaibab had been, for the frontier had passed 
through 20 years before it had been declared a park. Ranchers had 
herded 200,000 sheep, 20,000 cattle, and many horses there, and they 
had doubtless set their usual fires (Rasmussen, 1941). There can be no 
doubt that they had shot many deer, too. That the removal of such exploi- 
tation as this should result in quadrupling the deer herd need surprise no 
one. There is no need to invoke ‘shooting predators” to explain it. Such 
are the facts of the matter as well as they can be gleaned (Caughley, 
1970). But this true story became embroidered by a series of misrepre- 
sentations until it became a fictional tale of a plague of deer and the clas- 
sical illustration of the controlling effects of mammalian predators. It is in- 
structive to follow the Kaibab fiction, for much ecological writing and 
thinking cannot be properly interpreted without knowing how people 
have been led astray. AS 

The fateful progress of the Kaibab embroidery is shown in Figure 28.1, 
as it is revealed in a recent study by a New Zealand student of game 
animals, Graeme Caughley (1970). Diagram A appeared in a monograph 
on the Kaibab by Rasmussen (1941), and gives his private assessment of 
what was known about the history of the deer herd. Remember that there 
had never been any real census; but there had been forest supervisors in 
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The Kaibab deer herd fiction; a history of embroidered data. (A) Population estimate of the 
Kaibab deer herd, copied from Rasmussen (1941). Linked solid circles are the forest super- 
visor’s estimates; circles give estimates of other Persons, and the dashed line is Rasmussen's 
own estimate of trend. (B) A copy of Leopold’s (1943) interpretation of trend. (C) A copy of 
trend given by Davis and Golley (1963), after Allee et al. (1949), after Leopold (1943) from 
Rasmussen (1941). (After Caughley, 1970.) 


the park who have left us the best professional estimates of deer numbers 
we can glean. The supervisor's estimates are the solid lines and circles, a 
history of increase, indeed, but one easily understood in the light of the 
past history of the plateau. But in 1924 various people had gone to the 
park and remarked the “‘great numbers of deer,”” and there was valid dis- 
cussion about whether it was time to cull the herd. Visitors estimates are 
the open circles. But Rasmussen was inclined to accept the largest of 
them, a nice round figure of 100,000 deer. On the basis of this estimate 
he sketched in the dotted line as a likely history. It really does make a dra- 
matic curve, much more exciting than that produced by the professionals 
who lived in the park (the black curve below it). Then came the real 
mischief, The noted game management specialist, Aldo Leopold (1943) 
drew diagram B on the basis of Rasmussen’s diagram A and published it in 
a local bulletin on wildlife management in Wisconsin. Notice that some 
ecological ideas have been superimposed on Rasmussen’s flight of fancy, 
for the left-hand side has developed the nice sigmoid shape of a popula- 
tion undergoing logistic growth and the right-hand side has the neat fall of 
catastrophy, until it meets the supervisor's estimates again! A number of 
comments have been added reflecting the ‘to cull or not to cull” con- 
troversy. Then there was more mischief. Leopold's version, exercise in 
imagination and artistry though it was, was reprinted in the standard 
ecology text by Allee et al. (1949). This was enough for the history to be 
taken as true, although there were more imaginery refinements to come, 
as in diagram C. 

In learned articles and textbooks over the last 20 years, the supposed 
history of the Kaibab deer herd has been used as the standard example of 
what happens when the controlling influence of large predators is 
removed, It has now even reached the pages of general biology texts, 
where Leopold's striking drawing can so easily be reproduced. But we 
have no real evidence that the deer herd at Kaibab did suffer a population 
explosion, nor that it crashed. All we have is evidence of a not unreason- 
able fluctuation following disturbance. And since the population explo- 
sion was a nonevent we cannot use it as evidence that American deer 
populations were controlled by predators. Hs 

The collapse of the Kaibab example puts us back in the position of 
sensing that the settlement of North America resulted in an upsurge of 
deer numbers, and of wondering if the removal of predators was the 
reason behind it. Even if we did have a “‘good Kaibab” on file, a true 
record of exponential growth of deer numbers following settlement and 
eradication of predators, it would still prove nothing. Treated as an exper- 
iment, the elimination of predators by settlers is valueless. It would be 
without before and after surveys, without duplication, and without con- 
trol. A laboratory study carried on in such a way would be unpublishable 
in the scientific literature as meaningless. Experience may yet suggest that 
shooting predators is a good way to bring on a plague of deer, but every 
time the frontiersmen passed through they not only shot predators but 
also interfered with the vegetation. Commonly they replaced forest with 
second growth; climax with early succession stages. Very likely such 
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changes provided more food for deer, a sufficient reason for their increase 
even if the predators had still been there. 

There is a second general difficulty in accepting predators as the con- 
trolling agents of large vertebrates, and this is their common habit of 
mostly taking the weak or sick prey animals that might be expected to die 
anyway. This aspect of predation strongly influenced one of the foremost 
students of the subject, Paul Errington (1946, 1963). 

Errington devoted most of his life time to the study of muskrats Ondatra 
zibethicus in lowa; from 13 years of his youth spent as a fur trapper, to 
most of his later years at the lowa State University. Muskrats are particu- 
larly hard to observe, passing most of the daylight hours underwater or 
hidden in burrows, but Errington learned to discover their presence and 
activities from “reading of sign,” which he describes as ‘‘studying the 
meaning of tracks and trails, of diggings and cuttings and heapings, of 
food debris and droppings, or miscellaneous traces, of blood, fur, 
wounds, and carcasses.” These qualitative bits of evidence became 
quantitative when Errington used them to identify the presence of individ- 
uals and to map the members of populations. He trapped muskrats on a 
large scale, marked them, and released them. He was given sample car- 
casses by the local fur trappers for autopsy, particularly for estimating the 
numbers of offspring which had been born to females from the number of 
scars of old placentas in their ovaries. He studied the possible predators 
of muskrats, notably minks, Lutreola vison, in the same way, and was able 
to detect when they were feeding on muskrats from the remains in their 
droppings. The thoroughness of his work is revealed in many of the minor 
observations in his writings, as when he reported that one thin old male 
traveled 2800 yards in half a day, a statistic that Errington gathered by fol- 
lowing the animal for that half day without being detected. Thirty years of 
such devoted work has provided us with perhaps the best-documented 
history of a wild mammalian population which we posses. And Errington 
came to the conclusion that nearly all the muskrats eaten by predators in 
his part of lowa were individuals who were doomed to die from some 
other cause, such as disease, if the predators had not eaten them first. 

The lives of lowa muskrats were strongly influenced by the marked 
seasonal changes of the local climate, by the alternation of warm conti- 
nental summers and bitter winters, by the chances of floods and the 
chances of drought. Muskrats established in fine summer weather in their 
home ranges seemed almost immune to predation, probably because 
they had somewhere to run to when approached by a mink or because 
they faced the potential agressor so confidently that they made the risks of 
combat unacceptable to it. But if they were flooded out, or left exposed 
by drought, or suffered epidemic disease, the minks killed very many of 
them. Sometimes the onset of some calamity attracted predators to such 
an extent that whole populations of muskrats were almost wiped out. 
Many muskrats were also killed in the spring as they wandered from their 
winter quarters without the security of a home range, but Errington 
concluded that most of these animals stood no chance of finding a decent 
place to live anyway, and were thus doomed. He argued that virtually all 


these deaths were ordained once the animal was wandering or the calam- 
ity had struck, and that their actually being eaten by predators was 
without real significance to the population. The predators were in effect 
acting as scavengers, Carrion eaters without the patience to wait for their 
victims to formally die. It was true that the minks did kill a large number 
of healthy baby muskrats in the spring, but Errington thought that even 
this predation was of little significance because the bereaved mothers 
usually produced second litters. Errington can perhaps be criticized for 
playing down the effects of predation on babies, but he was able to argue 
that predation of muskrats had a relatively minor restrictive effect on the 
population, not a controlling effect. 

Errington’s account of the muskrats has much in common with the ac- 
counts of Australian grasshoppers whose catastrophic population history 
so influenced the thinking of Andrewartha and Birch (Chapter 27). Like 
the grasshoppers, there is much in the life of the muskrats which suggests 
that they must be partly opportunists. Every spring they must sally forth 
from winter quarters in search of places in which to live, and they must be 
adapted to disperse so well that the loss of many local populations from 
catastrophe does not spell calamity for the species as a whole. It seems 
reasonable that the main chances for the predators of such opportunistic 
prey should be to exploit the evil fortunes of local populations, to take 
merely the sick and the lost as Errington concluded. But Errington also 
noted that large predators generally did take the weak and the sick 
members of whatever prey they hunted, so that perhaps predation was 
always a minor influence toward population control, that a predator was 
usually no more than the giver of a coup de grace to animals suffering 
other and controlling mortality. 

There is, of course, much evidence that vertebrate predators do com- 
monly take the weak and the sick. Murie (1944) had shown that wolves 
on Mt. McKinley took young, sick, or old sheep, and that sheep in their 
prime were almost immune from attack. Mech had found that the Isle 
Royale wolves took only young, old, or sick moose in a like manner 
(Chapter 26). For pack-hunting animals like wolves, it seems obvious that 
the weakest animals will be the ones to fall, for they will be the easiest to 
catch. It seems likely, for instance, that this fact has influenced the evolu- 
tion of parasites which have two hosts, one an herbivore and the other a 
member of the dog family, as do many such parasites as tapeworms. The 
tapeworm cyst waiting in the muscles of its first host does not take too 
long a chance on not being eaten by the necessary second host, if a pack 
of hungry wolves is following the herd waiting for a sick animal to drop 
out. 

It is not so obvious that solitary hunters who kill by stealth, like the 
large cats, should take only the sick. Schaller (1967) has suggested that 
tigers may take the fit as commonly as the unfit, but his accounts of how 
tigers killed tethered buffalos does not suggest that killing is safe or easy 
even for a tiger. The tigers ran at their prey, half climbed on their backs, 
wrestled them to the ground, then dodged the flailing hooves to seize the 
buffalo by the neck. The buffalos took some 10 minutes to die, suggesting 
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that killing sick animals should be a safer undertaking. It is not improba- 
ble that a lurking tiger might normally let the more formidable animals 
pass unmolested, just as Errington’s mink apparently refrained from at- 
tacking confident muskrats, because no predator may risk a serious hurt 
winning one day’s meal. A recent study of the puma (Felis concolor) in 
Idaho by Hornocker (1969) (Chapter 31) suggests that much of puma 
behavior can be explained as directing the animals to achieve quick kills 
without getting hurt. Nevertheless Schaller’s view needs to be given due 
weight, and it may be that big cats, as opposed to canids, commonly kill 
the fit and are thus primary agents of death. Introducing big cats might 
therefore do more to control a deer herd than introducing wolves. 

But the weakest of all animals are the very young. They may be 
defended by their parents, or the parent herd, but otherwise they must 
rank as safe meals for such predators as can find them. Even Errington’s 
opportunistic muskrats lost large numbers of babies to minks, and the 
compensation of second litters could not entirely efface the effects, for the 
loss of one set of babies must slow the rate of population growth. The 
controlling effect of losing babies may have been minor in muskrats (Er- 
rington is not very convincing on this point), but it might well be decisive 
for large herbivores who can have only one family each year. For this 
reason, the hypothesis that large predators often control the populations 
of their prey can survive the demonstration that very many of the animals 
which they eat would have died from other causes anyway. 

Inconclusive but suggestive evidence for the influence of predators 
comes from our releasing herbivores on small islands without them, for 
often the population thrives, undergoing exponential growth for a while. 
This happened when pheasants were released on a small island off the 
coast of Washington State (Figure 28.2). The experiment was terminated 
when the United States Army occupied the island and shot all the pheas- 
ants, but we have more complete records of reindeer populations on 
Bering Sea islands, whose fortunes have been scarcely affected by human 
activity. The islands all supported virgin tundra, a climax vegetation pre- 
sumably not the normal home of opportunists, and yet the reindeer popu- 
lations all grew quickly and exponentially until they apparently destroyed 
their range and suffered mass death. The most dramatic of these histories 
is that of the reindeer herd on St. Matthew Island (Klein, 1968). Twenty- 
nine reindeer were put ashore there in 1944 by members of the United 
States Coast Guard. A cenus in 1957 found 1350 reindeer, and a second 
census in 1963 found 6000. The island is 128 square miles in extent, but 
6000 reindeer were enough to destroy their own winter forage, reindeer 
moss, which almost vanished. In 1966 there were only 42 reindeer left, 
all but one of them females. Let us hope that the remaining male is impo- 
tent, so that the mischief of this experiment will be brought to an end and 
the unique native vegetation given some chance to recover. But the 
duplication of this history on other Bering Sea islands does suggest that 
reindeer will normally increase until their range is destroyed unless some 
definite check to their numbers is provided. It is commonly claimed that 
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Increase of pheasant (Phasianus colchicus) on Protection Island, 
Washington. The birds were censused each spring and fall. In 
1942 the island was occupied by the military and the pheasants 
shot. (From Lack, 1954, after Einarsen.) 


this check could not be anything but predators, but it is also possible that 
reindeer would eventually establish some balance with their ““prey,’” the 
lichen plants. 

If island deer herds destroy their range and die because there are no 
predators to control them, it should be possible to check the growths of 
the herds by introducing predators. This has never been done inten- 
tionally, but it has been partly done for us once by an historical ac- 
cident, on Isle Royale. When Mech (Chapter 26) worked on the island, 
| he found both wolves and moose there; but once there were neither. Up 
to about 1900 there were caribou, coyotes, and other animals, but ap- 
parently no moose or wolves. The earlier inhabitats became extinct, no 
doubt helped on their way by men, but moose arrived to replace them 
during 1913 and 1914. Moose swim well, so there is no mystery about 
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how they arrived (Murie, 1934). In spite of the difficulties of census dis- 
cussed by Mech, it is certain that the moose herd grew fast, damaged its 
range, crashed, and continued fluctuating violently until a pack of wolves 
arrived from the mainland sometime in the late 1940s. Since the advent 
of the wolves, however, the moose numbers have remained roughly 
stable; and it now seems that the numbers of the wolf pack are roughly 
stable too. 

The wolves of Isle Royale live by hunting the weakest of the moose 
herd, by taking the old and the sick as Errington claimed they should, but 
also by taking many of the calves. They live on an island with strong 
seasonal changes of climate, and on prey who have their vulnerable 
calves at only one season of the year, and yet they are able to maintain 
themselves throughout the year. Perhaps they are helped to do this 
because it takes two or more years before a moose is strong enough to es- 
cape their attack, so that there is always a pool of attackable young as 
well as of the sick old for them to exploit. But their depradations on the 
young are apparently enough to control the moose herd, allowing us to 
conclude that releasing predators on other islands, like those of the 
Bering Sea, should be sufficient to control the deer herds. Large predators 
can indeed control their prey, and it remains only to decide if they nor- 
mally would do so in undisturbed natural habitats. 

A general criticism of island studies must be that island communities 
are in limited systems under constraint. Confining moose on an island 40 
miles long is not very different from confining paramecia in a bottle, or 
flour beetles in a box, so that conclusions from such studies are alike vul- 
nerable to the analog computer argument (Chapter 22). When moose and 
wolves are shut up together on an island, with no other likely prey and no 
other likely predators, an equilibrium can be reached. It is good to know 
this. But does it mean that the populations should be balanced if both can 
get away, if both have alternative plans of feeding or escape, or if both are 
subjected to the stresses of life in the bigger world of a continent? Fortu- 
nately in the plains of East Africa, we still have one last vestige of the an- 
cient world of big animals where we can study vast wild herds in quest of 
the answers to these questions. 

The Serengeti Plains of Tanzania and Kenya are as large as Ireland, or 
the states of Vermont, New Hampshire, and Delaware combined. They 
contain almost virgin herds of much of the complex fauna of Africa, 
preserved from the exploiters to our day perhaps by the ready spears of 
the Masai warriors who not so long ago conquered the other peoples who 
lived there. The commonest ungulates on the plains are the wildebeests 
(Gorgon taurinus), of which there are more than 200,000. Lee and Martha 
Talbot, now of the Smithsonian Institution, have spent many years study- 
ing the wildebeest herds, and have particularly addressed themselves 
to the question: Are the numbers of wildebeest regulated, and, if so, how? 
(Talbot and Talbot, 1963). 

It is not easy to census the animals on 20,000 square miles, but the task 
is made possible by the openness of the plains. Talbot records that from a 
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dying every year to support the known lion population. More important causes of death in 
wildebeests were disease and young animals getting detached from their mothers in 
crowded herds. (After Talbot and Talbot, 1963.) 


hilltop one day he could see herds of game stretching before him for 50 
miles until they vanished in the haze of the horizon. By driving transects 
across the plains, and by counting from aircraft, it has been possible to 
make good enough censuses to show that the numbers of wildebeest do 
not change much from year to year. The herd is therefore under some sort 
of control, and the wildebeest seems to be an equilibrium species. How 
are wildebeest populations controlled? 

Seven hundred lions hunt the plains, feeding almost entirely on wil- 
debeest, and there are also leopards, cheetahs, hyenas, and hunting dogs 
taking their separate tolls in their different ways. Lions live almost entirely 
on adult wildebeest, probably because only large wildebeest can assuage 
the appetites of a family of lions. Many studies have shown that each lion 
must kill about a wildebeest a week, which allows one to calculate the 
lion take on the Serengetti to be between about 12,000 and 18,000 wil- 
debeest a year. It is not known how many of these animals might have 
been going to die from other causes if the lions had not taken them, but 
even if they all were prime animals, their loss represents only a small por- 
tion of the annual crop of animals that must die if the population is to be 
kept in check. The best estimates of the take of the other predators show 
them to be negligible compared to that of lions (Figure 28.3), so we must 
seek some other source of mortality. Many wildebeest die from disease, 
particularly the young and the yearlings. It is very hard to estimate these 
losses because corpses are always totally eaten, even down to the bones, 
by the vultures and hyenas, but the Talbots concluded that many more 
animals died of disease than of outright predation. But even the best es- 
timates of disease and predation combined still seemed too small to regu- 
late the numbers of wildebeest, and the Talbots considered that the 
remaining, and major, cause of death was simply that of babies getting 
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lost. The wildebeest mothers always seemed to give birth to live calves 
successfully, but the calves then had to follow very close to their mothers 
as the herds moved. In large crowded herds, the young, quite simply and 
literally, often got lost. Many fell to hyenas and jackals, no doubt, but it 
was unlikely that there should be enough of such predators to clean them 
all up in the short season when lost calves were available. Most probably 
starved and were picked up by vultures. Losing of calves was density 
dependent, since the babies seemed safe by their mother’s sides in small 
herds. Only in the larger crowded herds was this loss significant. Thus it 
was getting lost and getting sick which were the main causes of mortality 
in wildebeest herds. Besides these, being cut down in the prime of your 
health by a lion or a hyena were unlikely fates. 

Predators must always have some regulatory influence on the numbers 
of their prey, because they always kill at least some animals that would 
not have died otherwise, particularly the young. In the simple moose- 
wolf system confined within the boundaries of Isle Royale, predation is 
almost certainly the principal controlling force. It seems likely that wolves 
provided potent checks on the numbers of other deer in primeval North 
America, although we have no way of really knowing. The evidence so 
far collected from the African game herds suggests that predation is for 
some species not the most important cause of deaths, or means of popula- 
tion control. 

But, even if not the main controlling agents, predators will be one 
factor in the stability of the prey population, particularly when they hunt 
the young. This may have been true even for Errington’s muskrats, for if 
all the other calamities of a muskrat’s life failed to act for some reason, 
and an unusually large population of muskrats began to breed, the minks 
would presumably have to concentrate their efforts on the food that was 
available, a bumper crop of baby muskrats. Populations may be checked 
by many different density-dependent pressures acting at once, only one 
of which might be the predators. But it may be prudent to think of some of 
the largest predators primarily as superscavengers, who cull out the sick 
and the old but slightly before their time. 


Unlike large predators, small predators may commonly exert effective, 
and even stringent, control over the numbers of their prey. Part of the 
evidence for this comes from our experience with agricultural pests. In 
America, where devastating outbreaks have sometimes been traced to 
the importing of pest species from abroad without their natural en- 
emies, some outbreaks have been countered by bringing over suitable 
predators that have then reduced the numbers of the pest species to low 
and acceptable levels. Other evidence comes from the unwise use of 
long-lasting insecticides like DDT, which have sometimes actually 
promoted the pests that they were supposed to subdue because they 
exterminated the active, and therefore vulnerable, insect predators of 
those pests. Such evidence is most clear-cut for tropical regions where it 
seems that populations of insect and other small herbivores are often 
kept at remarkably low levels by the attacks of their predators. In places 
of seasonal climate the control exerted by small predators is more 
erratic because life cycles must be synchronized with the seasons, so 
that whole generations of herbivores may escape the ravages of pred- 
ators whose own life cycles are not perfectly in phase with them. In the 
harshest or most seasonal places, where opportunistic species live, even 
small predators may seldom exert much restrictive effect on the 
numbers of their prey. That small predators may be much more effec- 
tive than large predators may be a consequence of their superior killing 
ability. A tiger which kills a buffalo performs a dangerous and difficult 
feat of arms, but a wasp assaulting a caterpillar faces no such hazard 
and may kill with certainty all the caterpillars which it can find. 
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When European agriculture was brought to America, the various im- 
ported crops were followed, often after a lapse of some decades, by Euro- 
pean pests. This should not have been surprising because the same 
human ingenuity that cleared the land to make it suitable for alien crops 
must also have made the land suitable for the insects that ate those crops. 
But what was a surprise, and an unpleasant one, was that the insects did 
much more damage in America than they had ever done in their native 
countries. American farmers often faced ruin from insect pests which had 
been known as little more than irritants to their European ancestors. A 
possible explanation of this unwelcome phenomenon was that the pests 
had been imported but the enemies of those pests left behind. Insect her- 
bivores were able to eat their way to huge populations in a New World 
free from the specialized predators which had fed on them in the Old 
World. The answer to the pest problem seemed, therefore, to be to seek 
out the natural enemies of the pest and to introduce them to American 
farmlands. The consequent experiments in biological control of pests 
have given us some of the most striking examples of how strongly small 
predators can affect their prey. 

In the late 1880s the California citrus industry faced complete ruin from 
a plague of scale insects, called the cottony-cushion scale, Icerya pur- 
chasi. These small fluffy insects suck the sap of leaves and twigs, gener- 
ally resting immobile with their mouthparts buried in the phloem. A mas- 
sive infestation causes the leaves first to curl and then to fall, so the 
orchards of California, on which the settlers had lavished their whole 
lives, looked gaunt and dying. There were no oranges to pluck or ship. 

When Icerya struck California, entomologists already knew that many 
herbivorous insects were attacked by parasitic hymenopterans that 
hunted down their particular prey to pierce the larva skin with their 
ovipositors and lay eggs in the living flesh. This was a specialized form of 
predation which directed the aggressor to attack only the herbivorous 
species that it was “‘programmed”’ to hunt. If such a parasite of Icerya 
could be found, perhaps it could be reared in numbers and released in 
the orchards to the salvation of an industry. After the original home of 
Icerya was traced to Australia, $1500 were wangled out of a federal 
appropriation voted to equip a trade pavilion (De Bach, 1964), and a 
man, Albert Koebele, was sent to Australia to look for likely parasites of 
Icerya. He found some, but he also found something, as it turned out, 
better; ladybirds. The pretty little red ladybird Rodolia cardinalis, now 
known commonly as “the vedalia,”” apparently had a voracious appetite 
for the little scales. All stages of the vedalia beetle were carnivorous, the 
males, the females, and every instar of the young; and all stages could ap- 
parently thrive on the passive cottony-scales. Koebele shipped three con- 
signments home, and there arrived in California a total of 129 live vedalia 
beetles. 

The vedalia beetles were received by Koebele’s colleague, D. W. 
Coquillet, who proceeded to introduce them to the orange orchards. He 
placed them on the branches of an infested tree, then wrapped a muslin 


tent round the whole tree so that the beetles could not get out. By January 
of 1889 the last of the three consignments had arrived and were put onto 
the tented tree, and they began breeding rapidly. The vedalia can 
complete their life cycle in only 26 days, suggesting that a massive ex- 
ponential increase is possible in a single summer. By April 1889 the 
tented orange tree was free from scales, but rich in ladybirds. Coquillet 
opened one side of the tent to allow the animals out, and he began ship- 
ping colonies to other orchards about the state. By July the whole orchard 
of 75 trees was free from the pest. The news spread, and planters jour- 
neyed far to collect the precious beetles for their own estates. Within a 
year the whole of Southern California was rid of the plague of cottony- 
scale, and began to grow rich again. The grateful planters bought a pair of 
diamond earrings for Koebele to give his wife, and it is said, probably 
with regrettable accuracy, that he was the only entomologist who has 
ever been able to so bedeck his woman with diamonds. Professional 
jealousy forced Koebele out of his job though (DeBach, 1964). 

This destruction of Icerya by its predator, Rodolia, is a clear demon- 
stration that small carnivores can have a devastating effect on their prey. 
And the general outlines of the story have now been duplicated many 
times. Usually the chosen predator is a hymenopteran parasite of the kind 
that Koebele had in mind when he was first sent to Australia. When the 
contro! measures have been successful, the typical result is for the pred- 
ator or parasite to quickly build up its numbers at the expense of the 
prey, until its destruction is so great that the remaining members of the 
prey species are too few to do serious damage to the crops. But the prey 
usually does persist. Once the first dramatic slaughter is over, there 
usually remain low populations of both predator or parasite and prey, 
which are apparently in some sort of balance. 

We thus have many demonstrations that small predators can control 
small prey to an extent that seems almost never to be achieved by large 
predators working on large prey. These different effects may probably 
reflect the different styles of hunting which prey size forces on predators. 
Large vertebrate predators, for all their strength, must manage something 
of a feat of arms every time they catch a meal, and they must achieve 
these feats without ever getting hurt. These requirements force on them 
the habit of catching the sick and the weak. They may also require undis- 
turbed and unaware animals to stalk, which means that there cannot be 
too many predators about. As Hornocker (1969) argues for his Idaho 
Pumas, (Chapter 31) there cannot be so many cats on the prow! that the 
deer are always wary, or no cat would catch anything. For these reasons 
the pressure of predation from large carnivores is nearly always light. But 
small predators usually face no such problems in hunting or killing. The 
Vedalia beetle, for instance, can walk up to the passive scale insects, 
chew them up at its leisure, and move on to the next one which sits there 
Waiting to be eaten, (Figure 29.1). Vedalia beetles can thus scarcely be 
said to hunt, they first search, then they butcher. The hymenopteran para- 
sites more commonly used in biological control work do hunt, however; 
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Figure 29,1 


Vedalia beetle and prey. 


but they go about the business of killing in such formidable armor, and 
with such formidable weapons, that the only escape possible for slow- 
moving prey is to hide. When the prey caterpillar or other larva is found, 
the wasp merely climbs aboard and stings it with her ovipositor. In such 
an encounter there is no hope for the prey and no danger to the predator. 
Likewise, when a web spider snares a fly, or a wolf spider stalks within 
springing distance of its crawling prey, there is little doubt about the 
outcome of the attack or the safety of the attacker. Unlike large preda- 
tors, small predators can confidently kill on encounter, and it is this 
special ability that can best explain their effectiveness as agents of 
control (Figure 29.2). 

But introducing predators in attempts at biological control of pests does 
not always work; indeed, it usually does not. Often the chosen predator 
or parasite becomes established, apparently living well, but does not 
make a significant reduction in the numbers of the prey. It lives off the 
pest, and possibly off other herbivores of the neighborhood as well, but 
without exercising noticeable control. The evidence from experiments at 
biological control is thus ambiguous, suggesting that sometimes small 
predators control their prey, and sometimes that they do not. Evidence 


that control by predators* can be normal, however, comes from another 
activity of agriculture, the misuse of pesticides. 

In Malaysia there are very large plantations of tree crops, such as 
rubber and oil palms. The climate is that of the wet tropics and almost 
without seasonal differences, a place where the virgin vegetation was 
usually rain forest. There is to be found in Malaysia the tremendous vari- 
ety of insect life normal for the equatorial tropics, and among this array of 
insects are very many herbivores which can eat rubber trees and oil 
palms. A farmer, reflecting on his great troubles with pests in temperate 
orchards, might well be expected to quail before the prospect of planting 
trees in such an insect-ridden place; and yet tropical planters have gener- 
ally had less trouble with plagues of pests than have orchard growers in 
the north. The trees of the wet tropics, whether of plantations or virgin 
forest, rarely have badly damaged foliage in spite of the variety of insect 
life that they support. This must surely mean that the local insect popula- 
tions are kept down in some way, but we cannot appeal to the Andre- 
wartha and Birch hypothesis of insect control by recurrent calamity 
(Chapter 27) because there never are climatic catastrophies to disturb the 
everlasting sameness of the local weather. The most likely alternative 
explanation is that all those different kinds of local herbivores are kept in 
check by a comparable variety of local predators; and a practical demon- 
stration of this was to come when the unwise use of DDT and its long- 
lived broad spectrum relatives killed off so many insect carnivores that 
they produced the very outbreaks of pests which they were designed to 
prevent. 

In the late 1950s many estates growing oil palms in Malaysia suffered 
plagues of defoliating caterpillars, and the estate managers called in en- 
tomologists to advise them. One of the entomologists, Brian Wood, was 
able to work out a detailed history of the insect plagues, and to explain 
how they came about (Wood, 1971). The start of the story seems to have 
been a small alarm, the appearance of sufficient cockchafers on one plan- 
tation to worry the local manager. The cockchafers were not doing much 
damage, but the manager thought he ought to spray against them as an 
insurance, so he sprayed the plantation with DDT, and noted the fact in 
his monthly report. Shortly afterward there were outbreaks of leaf-eating 
Caterpillars on that part of the estate, so the manager sprayed again, and 
also sprayed the neighboring areas as well “to contain the pests.’’ The 
next thing that happened was that caterpillars became a serious trouble 
Over all the sprayed area. Other planters learned of it, became convinced 
that they were faced with a general outbreak of insect pests, and began 
spraying in real earnest. DDT was followed by dieldrin and endrin, the 
very long-lasting and toxic relatives of DDT, and these were sprayed 
often and over all plantations. The caterpillar plague then grew to such 
Proportions that whole oil palms were defoliated, standing out gaunt like 
rows of discarded giant's fly wisks. The planters faced heavy losses. 

Wood examined this history of the pest outbreaks, and concluded that 
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“predator” is taken to include 
ymenopteran parasites, or 
“parasitoids” as they are sometimes 
called, That these kill by slowly 
eating their hosts rather than by 
giving them a swift death makes no 
difference to their effects on numbers. 
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FIGURE 29.2 
The deadliness of 
small predators. 


In each of these encounters the armor, the weaponry, or the masterly manouver of the at- 
tacker makes the fate of the prey certain, the safety of the predator assured. Conquest by 
large predators, such as lions, of large prey, such as buffalos, cannot be so certain or safe. 
These differences must be taken into account when assessing the relative importance of 
large and small predators as agents of population control. (a) A stinkbug (Pentatomidae) at- 
tacks an insect larva; (b) a devil's coach horse (Staphylinidae) attacks a pillbug (lsopoda); 


iS a water beetle (Dytiscidae) attacks a tadpole; (d) a web spider bites a bound and helpless 
ly. 
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the only change in the environment or management of the estates which 
was synchronous with the pest outbreaks was the fact of spraying with in- 
secticide itself. But could insecticides encourage pests?—they could if 
they killed the predators which had been eating the pests more effectively 
than they killed the pests themselves. 

The worst of the defoliators was a bagworm, a species of moth whose 
caterpillars lived in shared cocoons, and this cocoon-living might af- 
ford them some protection from the spray. Wood found that more than 
20 species of hymenopteran parasites commonly laid their eggs in the 
bagworm larvae, feeling for them inside their cocoons, with their long 
ovipositors. These hymenopterans would often be more exposed to the 
sprays than their prey and would be selectively killed. It might, in fact, be 
generally true that caterpillars and other herbivores, curled up in the 
foliage, journeying little, might be more protected from insecticides than 
the active wasps, so that the sudden appearance of large numbers of 
many defoliating species might be a direct consequence of killing their 
enemies with insecticides. The test of this hypothesis was, of course, to 
stop spraying and see what happened; and this Wood recommended. To 
a large extent his stratagem worked. The plagues went when they stopped 
spraying, and Wood could conclude that all those myriads of potential 
pests had indeed been kept down in the days before DDT by their natural 
enemies. In tropical Malaysia, then, it seems that small predators usually 
do control their prey. 

But Wood's remedy of stopping spraying was not always completely 
successful. Plenty of the hymenopteran parasites soon reappeared, but 
the bagworm populations sometimes remained at a disturbingly high 
level. How could this be? Wood concluded that the regular application of 
sprays had synchronized the life cycles of pests so that now they were all 
of a common age. The life cycles of predators would also have been syn- 
chronized. There might be periods, for instance, when there were large 
caterpillars everywhere but no flying adult wasps to hunt them, so that 
whole generations were able to partially escape predation. Only when 
the many local populations got their generation times back out of phase 
would control be as complete as it was before spraying was started. 
Wood's practical answer was to attack the secure generations of caterpil- 
lars with stomach poisons, which is to say with sprays that had to be 
eaten to kill and which were thus only deadly to herbivores. By this 
means he was able to undo the mischief that contact poisons had done 
and leave the plantations in the security of the prechemical age. 


Our experience with successful introductions of predators to control in- 
sect pests in temperate lands, and with the disastrous consequences of 
spraying general insecticides in the tropics, suggests most powerfully that 
small predators commonly do control their prey. In climates without 
strong seasons or intermittent catastrophes, control of foliage-eating in- 
sects by predators is probably almost universal. In such places, plagues of 
herbivorous insects or other small herbivores are likely to be exceedingly 


rare. An important ecological result of this tight control of herbivores is 
that most of the energy transformed by tropical vegetation does not enter 
animal food chains but is degraded by decomposers. Most of the non- 
photosynthetic life of such places must be decomposing life, and these 
decomposers owe the largeness of their plenty to the small carnivores of 
the forest. 

In temperate lands, control by predators may also be effective, but 
there are clear indications that the control is not so unremitting. There is 
first the fact that most attempts at pest control by introducing predators 
do not work; the predator persists without significantly reducing the 
numbers of its prey. And there is secondly our general experience that in- 
sect herbivores commonly do become pests of temperate agriculture. 
Among entomologists there has been a widespread belief that these pests 
of temperate agriculture are nearly always introduced animals, but this 
assertion does not seem to have been. documented. It is the experience of 
Wood and others working in the wet tropics that pests there are certainly 
local and native, and it seems likely that the pests of temperate lands are 
local animals too. More often than not, pests are native animals that have 
“got out of hand,’ not just herbivores that have crossed the oceans in 
ships unaccompanied by their predators. So it seems that local herbivores 
do manage to escape control by local predators and become a nuisance 
more commonly in temperate lands than in the tropics. And for all the 
unpleasant side effects of DDT, its use in temperate agriculture did result 
in drastic reductions of pests. There have been, it is true, many examples 
of how pesticide sprays have brought on troubles to northern farmers, as 
for instance the common result of promoting plagues of red spiders 
(acarine mites) in orchards by killing off their hymenopteran enemies, 
and the fact that Icerya has returned to be a nuisance in California, 
suggesting that the vedalia beetles have been killed off by the sprays. But 
generally DDT and its allies have not brought such retribution to Western 
agriculture as they have to the tropics. 

Killing the local predators is apparently not so serious in temperate 
lands, which suggests that they may, not be such reliable agents of control 
there. An explanation for this is not hard to find. Temperate climates are 
seasonal climates, and seasonal climates must synchronize the genera- 
tions of insects. Wood had found that regular spraying of his oil palms 
had synchronized generations of caterpillars so that sometimes whole 
generations were only lightly preyed on. But such synchrony is normal in 
seasonal climates. The ending of winter is the trigger for pupae to open, 
for eggs to hatch, and for the sleep of diapause to be broken; which 
events necessarily result in synchronized generations. To this is added the 
fact that there are less species in temperate climates, suggesting less 
complex ecosystems, and hence less stability (Chapter 17). We should 
not be surprised to find that control by predators is more erratic in 
seasonal climates, that in some years they severely restrict the numbers of 
their prey but that in other years they seem to have little effect. 

In extremely seasonal and marginal climates, like those of southern 


417 
PREDATION ON SMALL 
ANIMALS 


418 


THE NATURAL CHECKS 
ON NUMBERS 


Australia where plagues of the grasshopper Austroicetes cruciata come 
and go (Chapter 28), the synchroneity effect might so couple with the 
shortness of the living season that predation is always negligible. Her- 
bivore populations might then well expand unchecked by predators until 
climatic catastrophe strikes them down, just as Andrewartha and Birch 
claim that it does. The effectiveness of small animal predation is thus 
likely to be a function of the seasonality of climate. In regions of humid 
tropics without noticeable changes of climate from month to month, 
predation may be a dominant controlling influence that sets the popula- 
tions of herbivores at low levels. In more seasonal places, both temperate 
lands and tropics afflicted with dry seasons or monsoons, control by small 
predators is likely to be more erratic. And on the marginal zones at the 
edges of deserts and the Arctic, predators may be largely ineffective, so 
that animals must be adapted to survive the catastrophes which climate 
or unchecked population growth must bring on them. 
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Clashes of predators with their prey can be described in mathematical THE ANALYSIS OF 
terms. The simplest algebraic models tend to predict inevitable extinc- PREDATION 
tion of the prey, a conclusion that seems unacceptable, but more realis- 

tic calculus models, essentially modified versions of the Lotka-Volterra 
equations of competition, predict coupled oscillations. Such coupled 
oscillations have been demonstrated in various laboratory microcosms, 

but the oscillations will only develop when provision is made for the 
escape of some of the prey during times when the predators are at their 
maximum abundance. In nature such escape may well be achieved by 
dispersal, suggesting that patchy distributions of insect pests may result 

from local populations undergoing coupled oscillations. It is the com- 

mon experience of entomologists that pests are frequently distributed in 
patches, but this could as readily be explained as the result of local ex- 
tinctions, as predicted by simple algebraic models, or from some quality 

of the environment remote from the activities of predators and prey. We 

have to conclude that the distributions and abundance of wild animals 

may be influenced in so many ways that they cannot be used as tests for 
models of predation. More fruitful has been the approach of simulating 

the ways in which individual kinds of predators operate, so that their 
activities may be imitated on a computer. This approach requires that 

the computer program be constantly tested against the performance of 

real animals so that the simulation may be true to life and truly descrip- 

tive. It may eventually help our general understanding of the workings 

of nature by letting us see what part of the apparent balance which we 

see around us is due to the interaction of predators with their prey and 

how much must be ascribed to other forces. 419 
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When predators meet prey, it is numbers that count. If predators are rare, 
their effects may be negligible. But if they are abundant, they may dev- 
astate or control the populations of their prey. This importance of num- 
bers makes the phenomena of predation unusually suitable for investiga- 
tion by mathematical analysis. 

Very simple mathematical models can be made to describe the effects 
of ideal predators on ideal prey, to simulate systems in which every hunt 
is successful and every escape rewarded by the successful rearing of 
young. This ideal comes closest to being realized when an hymenopteran 
parasite hunts easy-to-hunt prey. When such an hymenopteran finds its 
prey animal, it attacks, lays an egg in the host, and has effectively ac- 
counted for one individual of prey; and its total killing power has an 
absolute limit set to it by the number of eggs that it can lay. If you assume 
that the fecundity, that is the ability to lay eggs, of all the individuals of 
the wasp population is the same and constant, and further that every hunt 
is successful, then the fecundity of the wasps is a direct measure of their 
effect as predators. If the fecundity of all the members of the prey popula- 
tion is also uniform, and if all eggs successfully develop into adult prey 
animals, then the outcome of any clash between the two populations is 
directly predictable from their initial densities alone. If the fecundity of 
host and parasite are equal, there will always come a time ty when the 
last generation of prey is eliminated and both populations perish. This is 
given by 


n 
t= Dp 
where n is the initial density of the host and p the initial density of the 
parasite. 
If the host can outreproduce the parasite, its population can escape the 
disastrous effects of being attacked provided that 


Pp. (h=s) 
n ) 


where h is the fecundity of the host and s the fecundity of the parasite. 

This very simple model allows effectively only one ending to the con- 
test, extermination (DeBach, 1964). If the prey is not quickly killed off as a 
consequence of not being able to outbreed its attacker, its population will 
grow until some nonpredation curb is applied, when the predators will 
quickly catch up, attain the critical density necessary for them to exter- 
minate their prey, and proceed to do so. Such models suggest that all 
predators should long since have exterminated their prey, and that the 
world by now should be populated only with plants. The models can be 
made more true to life by allowing for the fact that not all hunts are suc- 
cessful, that fecundity is not constant, that sex differences are important, 
and so on; but they remain unreal because they do not allow the force of 
these factors to change as the populations change. The true relationship 
between predator and prey must be dynamic, with all the parameters that 
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measure success at killing or escaping constantly changing as the ratios of 
the populations change. Such changing relationships cannot be described 
in simple algebraic terms, but require modeling by calculus or similar 
mathematical methods. 

The results of eating or being eaten should reveal themselves as 
changes in the rates of population growth of predator and prey, and it is 
convenient to seek to model their relationship by equations describing 
the growth of each population in the presence of the other. This is a 
process analogous to that used by Lotka and Volterra to investigate the 
effects of competition. Both men, again independently, adapted their 
logistic equations to predict what happens when predator meets prey 
(Lotka, 1925, Chapman, 1931). The growth of each population is again 
seen to depend on the intrinsic rate of increase and the population den- 
sity, but the limiting term to the growth of each is a function of the num- 
bers of the other population thus: 


Rate of growth 


rate of growth rate of fatal 
of prey 4 
dN = | when without check | — | encounters 
1 
dt Ni YoN No 
Rate of growth rate of successful P arerdeath 
of predator encounters promoting 
= —| of predators 
dN growth dN. 
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where 


r, = intrinsic rate of increase of prey 

N, = number of prey 

y1 = fraction of contacts which prove fatal to prey 

d,= rate of death of predators in absence of prey 

Y2 = rate of growth allowed predator per unit contact with prey 


The simultaneous solution of such a pair of equations shows that the pop- 
ulations should fluctuate cyclicly. When predators are scarce but prey 
numerous, the predators should be able to build their population 
quickly, inevitably reducing the population of their prey. Eventually the 
predators should be numerous and the prey scarce, at which time the 
predators should compete with each other so vigorously for the prey food 
that they would suffer enormous mortality from starvation. The predation 
pressure on the prey would then be relaxed, and the prey population 
should expand, thus completing the cycle. There should thus be oscilla- 
tions in the populations of predator and prey which would be coupled 
(Figure 30.1). There should always be “too many” predators or “too 
many’’ prey. 

The idea that oscillations in related processes should be coupled is a 
general one with many examples in studies far removed from ecology. 
Economists are familiar with the idea as the theory of supply and demand, 
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Figure 30.1 
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Coupled oscillations predicted by the Lotka-Volterra equations for predation. (After 
Volterra, from Chapman, 1931.) 


anda form of it was well and bitterly known in the American Midwest of 
the depression years as the ‘“‘corn-hog’’ cycle. When corn sold well, farm- 
ers planned next year to keep more corn for sale even if it meant rearing 
less hogs. This resulted in a glut and falling prices. Many farmers re- 
sponded by keeping their corn back next year to fatten hogs instead; 
which resulted in a glut of hogs and a shortage of corn. Recurrently there 
would be a glut of hogs or a glut of corn, each glut being attended with a 
crop of farmer bankruptcies, each glut being accompanied with a short- 
age of one of the coupled commodities. In engineering, such coupled 
relationships form the foundation of servomechanism theory, and they 
are discussed in physics texts under the heading, “The theory of coupled 
oscillations.” 

Essentially the contribution that Lotka and Volterra made to predation 
theory was to show that coupled oscillations were a quite plausible out- 
come of meetings between predators and their prey. As when discussing 
competition, Lotka and Volterra put forward as a basis for their work the 
hypothesis that population growth could be truly described by logistic 
equations. They added to this the second hypothesis that there is a rather 
simple and direct relationship between the numbers of the predator and 
of its prey. Reducing the numbers of predators must immediately allow 
the prey to recuperate, and increasing the numbers of predators must 
immediately depress the prey. It was clear from the first that these condi- 
tions were much too simple to be met by many populations of real 
animals, but it was also decidedly interesting to test the models to see 
how close they did come to reality. Did the populations of real animals 
fluctuate with some resonance of the elegant rhythm that the equations 
suggested? — if they did, we might expect the numbers of even equilib- 
rium species to fluctuate within wide limits. Perhaps the changes in 
animal numbers that most men noted within their own lifetimes were 
reflections of the relationships between predators and their prey. 

Gause (1934) tested these predictions in his laboratory in Moscow, just 
as he had been the first to test the predictions made by Lotka and Volterra 
on the outcome of competition (Chapter 23). For prey animals he used 
populations of Paramecium grown in centrifuge tubes and supplied with 
his oatmeal medium, just as he had for his competition experiments. He 
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Didinium nasutum devouring Paramecium cau- 
datum, Didinium is so effective a predator of 
Paramecium that introducing a few into a 
Paramecium culture results in the complete exter- 
mination of the paramecia. A  Didinium- 
Paramecium system can be made to oscillate by 
adding “immigrant” paramecia at the time when 
the Didinium population is reduced through star- 
vation, 


now needed a predator that should live under the same conditions, and 
he found it in the protozoan carnivore Didinium nasutum. This animal is 
about the same size as a paramecium, and it seizes its quarry one at a 
time to suck out their contents with a tubular proboscis (Figure 30.2). 
Didinium reproduces by binary fission in the same way as Paramecium, 
and its feeding habits suggest that there should be a rather simple 
numerical relationship between its numbers and those of the paramecia 
that it catches. In Gause’s tubes, then, he had introduced a system of 
predator and prey so simple that even the unrealistic conditions of the 
Lotka-Volterra models might be met; he had, as Hutchinson might have 
said, built himself an animal analog computer that might well be set to 
Correctly solve a pair of equations describing coupled oscillations. But 
there were no oscillations between the numbers of Didiniumand its prey 
in Gause’s bottles. Whenever he introduced Didinium into flourishing 
Paramecium cultures, the Didinium quickly reproduced at the expense of 
its prey until every Paramecium was killed and eaten, and only Didinium 
remained. Every Didinium then died of starvation. 

This result was probably not unexpected to Gause, for it must seem 
obvious that a small centrifuge tube of water which was crowded with 
Didinium should be so deadly a place for paramecia that none might es- 
Cape. The coupled oscillation hypothesis must allow the effectiveness of 
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predation in some way to be lowered when the prey is very scarce, so that 
some individuals escape being eaten for as long as it takes most of the 
predators to die of starvation. An obvious weakness of the hypothesis was 
that it required prey to escape when they were outnumbered by desperate 
predators seeking food. Gause’s experiments confirmed this weakness, 
showing that the hopes for survival of outnumbered paramecia in a cen- 
trifuge tube were negligible. But Gause could argue that in the real world 
there might be places in which the survivors could hide, that chances of 
escape by hiding would, in fact, go up as the survivors became few 
because then hiding places should be easy to find. 

Gause “doctored” his experiment to simulate the successful escape of 
a few survivors. He waited until nearly every Didinium had died of starva- 
tion, then he put in a few fresh paramecia which he called “immigrants.” 
By choosing the right moment at which to introduce his “immigrants,” 
Gause could push his system past the critical stage. While the Didinium 
was still rare, the paramecia reproduced quickly to build another 
flourishing population, but then Didinium caught up and wiped them out 
again. Then, while Didinium was next starving, Gause would add a few 
more “immigrants” to start the cycle all over again. In this way the os- 
cillations could be kept going indefinitely, and Gause had shown how 
real animal populations might be made to behave in the way predicted 
for them by the Lotka-Volterra equations. Or we might say that he had 
trouble-shot his animal analog computer so that it correctly solved the 
equations and produced the required coupled oscillations. 

Much perseverence by others has led to the production of a few labo- 
ratory microcosms in which the numbers of predator and prey will os- 
cillate without such interference as the manipulation of “immigrants.” 
The most striking is perhaps that constructed from weevils, which burrow 
into beans, and their hymenopteran predator by the Japanese Syunro 
Utida (1950, 1957). Weevils are holometabolous insects, whose larvae 
are soft maggots but whose adults are beetles with hard exoskeletons. 
The azuki bean weevil, Callosobruchus chinensis, can subsist when pro- 
vided with no more than piles of dry beans in a box, and complete their 
life cycle in about three weeks. Utida kept them in petri dishes 1.8 centi- 
meters high and 8,5 centimeters across, the little flat glass dishes with 
covers which are standard equipment in any biology laboratory. Ten 
grams of beans (some 50 of them) were quite sufficient to allow the 
weevil population in each dish to rise to several hundred, provided 
that the beans were replaced every three weeks. And the space in the 
small petri dish was also quite large enough to maintain a large population 
of the tiny parasitic wasp Neocatolaccus mamezophagus. These wasps 
hunt the fat final instar larvae, feeling for them in their burrows within 
the beans with their long ovipositors, and laying eggs beneath their skins. 
The parasitic baby wasps then live on the larvae even as they feed and 
pupate, so that finally there emerge from the pupae not weevils but 
wasps. Utida found that stock cultures of wasps could be maintained on 
the weevil cultures in the dishes, thata petri dish provided a sufficient uni- 


verse for the complete life cycles of both these complex animals. And the 
universes were so simple and small that it was easy to maintain suffi- 
cient replicates to meet the requirements of proper experimental proce- 
dure. It should be possible to watch closely the effect of one population 
on the other. 

Utida started his experiment by placing eight pairs of freshly emerged 
beetles in a dish, and letting the population grow by itself for 10 weeks. 
Three generations had then passed, and there were between 300 and 
400 weevils ‘where once there were only 16. Then Utida released on 
them four pairs of the freshly emerged wasps. Every three weeks he used 
ether to quiet the inmates of the dishes, gently disentangled them from the 
remnants of the old beans, put in 10 grams of new beans, and tallied the 
numbers of the animals. He persevered with this work for more than six 
years. And at the end of it he had the most dramatic records of oscillating 
populations that we posses. Oscillations between predators and prey did 
appear, and were apparently coupled as Lotka and Volterra said they 
should be. The fluctuations were not perfectly regular. Sometimes a pop- 
ulation would rise quickly; sometimes both populations seemed to stag- 
nate for a while; but the cycles never disappeared, were only temporarily 
damped, and continued for more than 110 generations in a way which 
promised they might go on for ever (Figure 30.3). 

The coupled oscillation hypothesis requires that some prey escape 
even when a horde of predators is competing for their bodies. Such es- 
cape was not possible for a few paramecia in tubes full of Didinium, but it 
apparently is possible for the last weevils in petri dishes buzzing with 
wasps. There are several possible reasons for this. It may be that the phys- 
ical habit of burrowing into a bean gives the weevil victim a reasonable 
chance of dodging attack, although this is perhaps doubtful. Parasitic 
wasps are generally skillful at finding their targets, even if they must feel 
down the tunnels through a bean with their long ovipositors. A perhaps 
more likely cause of escape is that the generations come to overlap 
slightly so that a few weevil larvae are too young to be attacked while the 
wasp plague is at its height. This is inherently likely because the mean 
wasp generation is a few days less than the mean weevil generation, and 
yet the wasp must stay synchronized to the weevils by its necessity of at- 
tacking only last instar larvae. Another possibility which must act to some 
extent is the random element in wasp hunting which means that some 
wasps must attack larvae that other wasps have already attacked. Wasp 
parasitism, although completely lethal, does not kill at once so that it is 
possible for the same prey to be attacked by a number of different 
predators, each of which delivers a potentially fatal blow. When many 
wasps hunt a few larvae by a process of random search, some larvae will 
be hit only once, but others will be hit many times. A few may not be hit 
at all, and these may provide the adult weevils which can rebuild the prey 
population after the wasps have died. Probably the complete explanation 
of the survival of the weevils in the wasp-filled dishes involves some com- 
bination of processes such as these. 
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Coupled oscillations in Utida’s wasp-weevil system. The system consists of beans (renewed 
at intervals) weevils and a parasitic hymenopteran in closed petri dishes. The populations 
oscillate without further manipulation, apparently because some weevils escape during 
dense predator populations because the wasp life cycle is not perfectly synchronized with 
the weevils or because some larvae are overlooked by the wasps, which sting others re- 
peatedly instead of spreading their attacks evenly. (From Utida, 1957.) 


Utida’s petri dish microcosms are closer to real life than those used in 
other experiments, such as paramecia in tubes or Tribolium in flour. Wild 
wasps do hunt wild weevils in wild beans, and many hymenopteran para- 
sites are host specific so that their own numbers are directly controlled by 
their success at hunting one sort of prey. But wild weevils are offered the 
extra chance of escape which lies in fleeing, and wild wasps have the ad- 
ditional problem of dispersing after their quarry. Dispersal is an obvious 
way in which prey might survive local concentrations of predators, as dis- 
persal is also a way in which starving predators may find new concentra- 
tions of food. The fact that wild animals can disperse might thus make 
local coupled oscillations between predators and their prey seem more 
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The Huffaker universe of oranges and rubber balls across which predator mites hunt her- 
bivore mites. Herbivorous mites infest oranges. When a predator mite finds a colony, the 
predator population increases until the herbivores are exterminated. This universe, in which 
travel from orange to orange is impeded by rubber balls and moats of grease provides just 
enough opportunity for some herbivore mites to disperse away from the focus of predation 
and to build a new population on another orange before the predators again find them. The 
result is a perpetual game of hide-and-seek among the oranges in which neither population 
becomes extinct within the universe. 


likely than oscillations over large areas. Dispersal was really what Gause 
imitated when he provided his collapsing systems with ‘immigrant’ 
paramecia, but a more realistic way of modeling the effects of dispersal in 
a laboratory microcosm has recently been devised by C. B. Huffaker 
(1958) of the Division of Biological Control, University of California at 
Berkley. 

Huffaker loosed a carnivorous mite, Typhlodromus occidentalis 
on an herbivouous mite, Eotetranychus sexmaculatus. The herbivore 
ate oranges, and could massively infest their surfaces. When the predator 
was loosed on such infesting mites, it killed them voraciously, expanding 
its population until its descendents totally consumed the prey; after 
which the predators died of starvation. This was Gause’s Didinium story 
all over again, an encounter from which some of the prey could survive 
only if they could manage to get away. Huffaker set out to devise a uni- 
verse in which it was possible for some of the persecuted prey to flee toa 
place of safety where they had enough peace to build up a new popula- 
tion before wandering predators found them again. He solved the 
problem by interspersing oranges with rubber balls of the same size on 
trays, and separating them with barriers of vaseline or oil which were 
more or less difficult for the mites to cross (Figure 30.4). He made many 
experiments with different combinations of oranges and balls, and with 
different barriers between them, learning the while much of the dispersal 
powers of the little mites. And he found one configuration in which the 
populations of predator and prey in the universe of his trays fluctuated in 
the desired rhythm of coupled oscillations (Figure 30.5); and without his 
doing more than to replace oranges as they went bad. 

These various experiments show that coupled oscillations are indeed 
possible for real animals if the conditions are right. But are the conditions 
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commonly right in nature, so that the fluctuations in animal numbers we 
see around us do truly reflect an endless rhythm of kill and escape? This 
has been a difficult question to answer. The obvious approach was to 
collect evidence about any animals whose populations were known to 
change by large amounts, to look for rhythm in the fluctuations, and to 
see if this was coupled with a corresponding rhythm in the populations of 
likely predators. Interesting fluctuations have long been known in rodent 
populations, and various historical records have suggested that some of 
these fluctuations are rhythmic or cyclic. Most famous are the fluctua- 
tions in arctic animals, such as hares and lemmings, whose numbers 
change by orders of magnitude with rhythms of a few generations. These 
animals are beset by many predators, and the numbers of the predators 
do fluctuate sharply also, but many careful studies have shown that the 
populations of such predators and their prey fluctuate synchronously. 
There are many predators when there are many prey, but they have only a 
small depressive effect on the prey. Then the prey dies from other causes, 
and the predators die too. The oscillations do not alternate, but are in 
phase. The evidence for this is discussed more fully in Chapter 35. 

But it is among insects that we should expect to find evidence for 
coupled oscillations in the wild. Insect predators do seem to have a gen- 
eral controlling influence on their prey, and many insect predators are 
specialized feeders, often being limited to single species of their prey. 
This is an important requirement if coupled oscillations are to be realized, 
for a predator of catholic taste might not eat down local populations of 
one kind of prey so closely. Census of insects on a large scale is often 
dauntingly difficult, and yet a proper demonstration of coupled oscilla- 
tions requires simultaneous census of both predators and prey. Even 
when these data are obtained, there is still the great difficulty of unscram- 
bling the effects of other checks to population, such as weather and 
disease, Then, over how large an area are you to look for your evidence 
of oscillating populations? If the animals constantly move perhaps you 
may end up by sampling different parts of different populations each time 
you make a census, so that your figures are useless for your purpose. For 
these reasons, the actual demonstration of the existence of coupled os- 
cillations in wild insects is next to impossible. 

But entomologists have commonly noted one significant fact: massive 
infestations of pests are often distributed in local patches. One tree in an 
orchard, or one branch, may be sore beset by mites or caterpillars or 
bugs, while other trees or other branches have almost none. At other 
times, census of the same orchard may show that different trees and 
branches carry the infestations. The total population of pests in the 
orchard may well be the same, but they are differently distributed in 
dense patches. This pattern makes sense if there are local oscillations 
between predators and prey in progress, so that census time finds one 
pest population at a maximum and another at a minimum. 

The distribution of insects in patches becomes even more suggestive of 
the existence of coupled oscillations when we take into account the more 
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Nicholson and Bailey model of predator-prey system. This model is a development of the 
Lotka-Volterra model, but one that allows for various lag responses. The prediction is that 
the populations oscillate into extinction, the same conclusion suggested by simple algebraic 


models, Patchy distributions of insect pests may reflect the operation of such processes in 
nature. 


complete form of oscillation theory developed by Nicholson and Bailey 
(1935). Nicholson and Bailey modified the Lolka-Volterra equations to 
provide the time lags which the qualities of real animals should inevitably 
introduce into the system. They put forward their conclusions in a 
monographic mathematical work in 1935, a work well beyond the math- 
ematical competence of the biologists of their day so that it was more 
quoted than read. But one of their principal findings is well-known; it is 
that the meeting of predator with prey should produce coupled oscilla- 
tions, certainly, but that the oscillations should proceed with the progres- 
sive diminution of the prey until it became extinct (Figure 30.6). 

If the assault of a predator on a prey population should always end with 
local extinction, then the common discovery of patches of herbivorous 
insects about an orchard or elsewhere is even easier to understand. The 
local clashes have brought local extinctions, but meanwhile fugitive her- 
bivores have started colonies elsewhere which will flourish until the 
wandering predators find them again. This is the pattern of Huffaker’s 
oranges and mites, rather than that in Utida’s petri dishes. Nicholson and 
Bailey in effect concluded that most wild insect predators can overeat 
their prey, although it takes them several generations of oscillating for- 
tunes to do so. They commonly will unless something stops them. This 
something may frequently be dispersal, which should lead to the patchy 
distributions of insects commonly observed. 

There is, however, a simpler explanation still of patchy distributions. 


When insect predators are devastatingly efficient, as say were the vedalia 
beetles in California orchards or the predacious mites in Huffaker’s trays, 
they should be expected to produce patchy distributions through speedy 
local annihilations without any bother of a few oscillations on the way. 
Patchy distributions could be no more than the result of hide-and-seek 
between dispersing predators and dispersing prey. A fugitive starts a 
colony which thrives until a hunting predator finds it. The colony is then 
wiped out, but another colony has been started elsewhere meanwhile, 
and so on. There are many studies in the entomological literature which 
suggest that this sort of thing does happen in the wild. The process could 
be quite well described by the simple algebraic models of Thompson, 
with which this chapter began. An overall regulating effect is achieved by 
the predators by processes of extinction and escape, without there being 
any need to allow for the subtle dynamic relationships of one population 
on the other. 

But the subtle dynamic relationships are real. They show clearly in 
experiments like those of Utida with his weevils and wasps, and their om- 
nipresence is felt by any biologist who studies populations in the field. 
There may be a few devastating killers like the vedalia beetles loose from 
time to time, but most predators, perhaps even most hymenopteran para- 
sites also, seem much less ruthless. Attempts at controlling pests by in- 
troducing their enemies usually do not work; many herbivores are not no- 
ticeably patchily distributed; many predators attack many kinds of prey; 
and many predators apparently do not control their prey at all. A proper 
analysis of predation must guide us to an understanding of all these subtle 
relationships. It should be obvious that all predators do not act in the same 
ways, and that realistic models of predation must start by describing the 
responses of individual sorts of predators to their prey. 


When prey is plentiful, it must be easy for predators to get enough to eat. 
A result of this should be that many of their offspring should survive to 
breed themselves, so that the predator population grows. The predators 
will bear down heavily on the prey simply because there are so many of 
them, and it is this numerical response of the predators which is de- 
scribed by the models of predation based on logistic equations describing 
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population growth rates. But there is another way in which predators may 
respond to changing abundance of their prey; each individual predator 
may kill more or less animals as the prey becomes easier or harder to find. 
The predator's function may change as the ratio of predator and prey 
individuals changes, and its effectiveness as an agent of control will be 
given by adding the functional and numerical responses of the predator 
together (Solomon, 1949). 

The general models of Lotka, Volterra, and Nicholson and Bailey as- 
sume that the numbers of animals killed by predators are directly propor- 
tional to the predator or prey density. The predators are assumed to act in 
away both mindless and without regard to the difficulty of catching and 
handling more and more prey animals as the prey density increases as 
shown in Figure 30.7. 

It is readily apparent that this model is unreal. At the very least there 
must be some limit to the killing ability of predators so that they become 
fully occupied and can kill no more however dense the prey may be. In 
addition, a naturalist must doubt that complex animals like predators 
behave in such simple and mechanistic ways. We must learn how 
predators really function if we are to understand their full effect on their 
prey, which brings us back to the role originally assigned to predators in 
the general theories of density dependence. Do predators kill more prey 
when it is numerous, so that the pressure of predation acts as a check on 
increasing numbers? General models like those of Nicholson and Bailey 
(1935) seek to answer this question in terms of the numerical response, in 
terms of increasing numbers of predators, but might not part of the effect 
be due to the changing functions of predators? This possibility has 
received much attention in the last decade, especially in laboratories 
working on the biological control of insect pests. Particularly well-known 
are the studies of C. S. Holling (1967; 1970) and his colleagues in 
Canada, who have sought to describe the various functional responses of 
different predatory animals and to isolate these several responses into 
components of behavior. These components should then be built into 
mathematical models that describe the activities of a predator in a real- 
istic manner, allowing its behavior to be simulated by computer. Once 
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this was done, computer simulation could be used as a tool to help design 
practical control measures. 

Holling (1965) begins his analysis by examining the functional 
responses of different sorts of predator. The simplest theoretical model is 
one that allows the predator to take a constant proportion of prey as in the 
numerical response models, but meets the physical requirements of the 
system by setting a plateau to represent the saturation of the predator's 
killing ability, as shown in Figure 30.8. Holling found that the eating 
habits of some types of small predator did let them function in this simple 
way. These were mostly filtering animals, like brine shrimps and water 
fleas, which was not surprising since their filters should take a constant 
proportion of what flowed past them up to the limit of their filtering capac- 
ity. It may be argued that such animals are not real predators in that most 
of their food may be single-celled plants, but hunting a free-swimming 
plant is functionally similar to true predation. It would be interesting to 
know if large filter-feeding animals of the sea, like whales and basking 
sharks, show the same simple functional response; it seems probable that 
they do. 

Holling called this simplest of functional responses a type 1 response. 
Such a response does not provide a density-dependent control device, 
since the proportion of prey animals taken does not go up as the prey 
becomes denser. Indeed, once the saturation value is reached, the car- 
nivores take an ever-decreasing proportion of the prey so that the preda- 
tion curb is eased. Such predators can only control their prey through a 
numerical response, through increasing the numbers of their kind. 

But most predators are not filter feeders. Holling studied water insects, 
corixid bugs, and dytiscid beetles, animals well-known for voracity, and 
tried exposing them to various concentrations of things that they ate, of 
tadpoles and mosquito larve. These voracious animals did eat more and 
more as the prey became denser until a plateau of saturation was 
reached, but they approached the plateau gradually, in a curvilinear 
manner (see Figure 30.9). A search of the literature discovered work by 
the Russian fisheries biologist Ivlev (the same who had so ingeniously 
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measured the energy intake of tubificid worms; see Chapter 11) on the 
feeding of freshwater fishes, which showed that they too might show this 
curvilinear functional response. 

Studies of a Canadian colleague of Holling’s, T. Burnett, (1958) found 
that there was a similar response by wild parasitic wasps searching for 
sawfly cocoons in the litter under trees, a finding of much importance 
since so many effective insect killers are hymenopterans of this kind. 
Holling called the curvilinear response a type 2 functional response, and 
it was clear that it was widespread and important in nature as the type 1 
response was not. 

This type 2 response is easy to understand when you reflect that a 
predator has only a set amount of time in which to do its killing. Some of 
this time must always go in hunting, in searching and preparing the as- 
sault, but the time available for hunting is progressively reduced as more 
and more time is consumed by eating. It is true that abundant prey needs 
less hunting, but this saving in hunting time is apparently more than made 
up for by the increased time taken up in handling many victims. Holling 
put it forward as an hypothesis that the curvilinear functional response 
was indeed caused by the pressure of events on the predator’s time (a 
familiar sort of complaint), and set out to test this hypothesis. He needed 
a simple model to examine, and he found it by using a blindfolded girl 
as his predator and a set of sandpaper disks as his prey. The disks were 
scattered at varying densities on a table top, and the blindfolded 
girl was asked to hunt for them by dabbing with a finger and picking 
up all she found. Her hunting and killing were timed. When she had 
tried her prowess on various densities of disks, her scores could be 
recorded as a graph of kills against density; which showed that she func- 
tioned as a type 2 predator should (Figure 30.10). 

In this simple model, the identification of the quarry (feeling the 
sandpaper under a finger) was virtually instantaneous, once the finger 
had completed its search. The time taken to pick up a disk was always the 
same, since all the disks were the same. Which meant that the only vari- 
able was the time spent searching. It seemed inescapable that it was, 
indeed, the compression of this searching time that caused the propor- 
tional decline in hunting success, as the hypothesis claimed. As a further 
test, Holling altered his model to introduce another time-consuming 
activity; he asked his blindfolded girl to search for the disks by tapping 
with the blunt end of a pencil instead of her finger. She now hunted by 
sound, which introduced a slight time-consuming uncertainty into her at- 
tack procedure. Her response was still curvilinear, but the slope of her 
“number killed’’ curve was lowered a little as predicted. 

Like the type 1 response, the curvilinear type 2 response does not 
provide density-dependent control. The proportional take, in fact, falls 
steadily as the prey population grows, so that all control exerted by 
predators of this kind must be through their numerical responses. Since 
most of the predators known to control their prey are insects, particularly 


435 
THE ANALYSIS OF 


PREDATION 
20/ 
r 
L 
2 
215-— 
vu 
g 
3 
a | 
i) 
5 10} — { 
B + 
E : 
5S | 
z 2 
iy 
| 
5} = “"" Ft 
Ue HL beet 
50 100 150 200 250 
Number of discs per 9 square feet Figure 30.10 


Functional response of a blindfolded girl predator hunting sandpaper disks with her 
finger. The number of disks that could be found in a set time increased with density but 
at a decreasing rate. This result suggests the time available for each hunt was being com- 
pressed as the number of kills went up. Insect predators hunting insect prey were found 
to respond to density in a like manner. (After Holling, 1959.) 


hymenopterans, responding to prey densities in a type 2 way, it is clear 
that it really is numbers which count. It is reasonable to disregard the 
functional response when making very general models like those of 
Nicholson and Bailey (1935). The changes in populations are what we 
must principally study. 

But Holling had found from his own work that vertebrate predators 
may respond in a different way to the densities of their prey. He was fortu- 
nate in having at his disposal Canadian pine plantations that were being 
used to test various control measures against an infestation of pine 
sawflies Neodiprion sertifer. The sawfly caterpillars eat pine needles, but 
they pupate inside cocoons in the leaf litter at the base of the trees, where 
they are hunted by various small mammals. Campaigns of spraying 
selected lots with various doses of insect viruses, provided Holling with 
cocoon densities of from 39,000 cocoons per acre to over a million 
cocoons per acre. Two kinds of shrew and a mouse lived in the woods, 
apparently largely subsisting on sawfly cocoons when they were avail- 
able. Holling could keep count of the cocoons in the woods from stan- 
dard soil samples, and he could keep count of the take of each animal 
meanwhile because they left the empty cocoons behind, each marked by 
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(a) Functional responses of three small mammalian predators. These shrews and a mouse 
were hunting the same prey, sawfly cocoons on the floor of a wood. There was a range of 
prey density over which each of these predators took not only an increasing number of prey 
as density rose but did so at an increasing rate. This is apparently because they learned to 
concentrate their efforts on hunting the common prey. Eventually their efforts meet the same 
time limitations that controlled the hunting of the blindfolded girl, so that this functional 
response, the type III, is sigmoid. (b) Numerical responses. These are the same animals and 
prey as in (a). Only the population of the shrew Sorex showed a positive correlation with the 
density of the prey. (c) Functional and numerical responses of the three mammals com- 
bined. The two effects are additive, and their overall shape suggests that control by the 
predators is likely to be effective up to a critical prey density. But above this density, the 
ability of the prey to reproduce should exceed the rate of predation and control would be 
lost. 


an opening characteristic of one of the three predators. Mark and recap- 
ture techniques let Holling (1959) monitor the mammal populations, so 
that he had all the data needed to calculate the functional responses of 
these animals. His results are given in Figure 30.11a. The functional 
responses of these animals are not curvilinear but sigmoid, as shown in 
Figure 30.12. Holling checked these results by keeping mice and shrews 
in cages and feeding them different densities of cocoons. The functional 
responses of these caged animals was always sigmoid, just as it was for 
the wild animals. Holling called this sigmoid response a type 3 functional 
response. 

The sigmoid trace comes about because the animals do not respond 
readily to changes in density when the prey is scarce; itis only when the 
prey is relatively abundant that the kill rate of the mammals goes up 
quickly, and then the response is a curvilinear rise to a plateau. At high 
prey densities the mammals apparently kill as rapidly as time allows, just 
as if they were mindless insects, but at low prey densities they respond 
only slightly to changes in abundance of their prey. An explanation for 
this probably lies in the learning power and lack of specialization of the 
mammals. They normally probably eat many different kinds of food, and 
are able to maintain relatively large populations because of this. A slight 
change in the density of one kind of food will lead to little extra killing by 
the predator, because it still feeds in many ways. But if one sort of food 
becomes suddenly much more abundant, the marauding mouse or shrew 
encounters it often and learns from this frequent contact to hunt specially 
for this one kind of food. From a generalist he becomes a specialist, eating 
all that his skill and time allow. It seems reasonable to expect such behav- 
ior of all higher vertebrates that are capable of learning. 

The hypothesis that the mouse and the shrews were learning to con- 
centrate on the common food could be tested by providing captive mice 
and shrews with various mixtures of foods as well as with different den- 
sities of sawfly cocoons. Holling (1959) tried experiments of this kind, 
and was able to show that the caged animals did quickly learn to discrim- 
inate between foods, not just by ease of hunting but by palatability also. 
There have, of course, been very many behavioral studies of vertebrates 
that lead to the same conclusion. A type 3 functional response is, 
therefore, probably usual among vertebrate predators. 
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Figure 30.11 

Functional and numerical 
responses of mammalian 
predators. 


438 


THE NATURAL CHECKS 
ON NUMBERS 


Figure 30.12 


Type 3 functional response curves. 


Of particular importance is the fact that the percentage take of ver- 
tebrate predators goes up during the initial increase of the prey popul- 
ation. The predator becomes aware that one of its food sources is 
becoming abundant and concentrates its activities on that source. This 
functional response, therefore, acts in a density-dependent way as a 
curb on the prey population. Insect predators could only control 
their prey through the numerical response, but vertebrate control should 
be the sum of both functional and numerical responses. 

Holling’s several years of study in the Canadian pine plantations 
provided him with estimates of the increased populations of his three 
small mammals as well as estimates of their functional responses, so that 
he could add the two together to arrive at the total effect of mice and 
shrews on increasing numbers of sawfly cocoons. His results are given as 
Figures 30.11b and c. The shapes of the functional response curves 
are still apparent in the summed curve for percent total predation, and 
indeed have been amplified, showing the potential that such predators 
have for controlling their prey. 

True control is exercised when death from predation exactly balances 
live births of prey animals. If x is the replacement rate of the prey, there 
must be x percent predation to control its numbers. Figure 30.13 shows a 
functional and numerical response curve for an hypothetical group of 
predators whose combined response was equivalent to the mice and 
shrews of Figure 30.11c. The thickness of the response curve is taken to 
represent variation in the effectiveness of the predation. The controlling 
predation level x, which just balances the birth rate, is drawn in as the line 
x percent. The death rate will equal the birth rate for all prey densities 
between A and B, and between C and D, when the prey will be under 
control. If the prey density is less than A, the prey will increase until it 
comes under control at AB. If the prey density is between B and C, the 
death rate will exceed the birth rate and the prey will be suppressed until 
it again comes under control at AB. Only if the prey density contrives to 
get beyond D will its numbers get out of control so that its population 
continues to expand. To do this it must be able to reproduce so quickly 
that its numbers can jump from A to D in one generation, to suddenly 
outbreed its predator with enough in hand to swamp the predator's func- 
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Prey density Figure 30.13 


Theoretical model showing regulation of prey by predators. 


tional response as well as its numerical response. Its chances of doing this 
are good if A and D are close together, and this in turn is possible if there 
are not many kinds of predator hunting it. A glance at Figure 30.8c shows 
how the wide separation of A and D is, in fact, the result of summing sep- 
arate steeper curves; for the prey to suddenly outbreed one predator may 
not be hard, but outbreeding an association of them is not so easy. This 
functional analysis of Holling’s gives us an extra understanding of why 
control by predators seems much less perfect in seasonal and fluctuating 
climates, since such climates support fewer kinds of predators; the prey 
can play the game of getting its population past theoritical density D with 
much more hope of success. 

But it is also necessary for a prudent man to remember that the max- 
imum predation that the system can produce may yet be less than the 
birth rate of the prey. If this is so, predation will never control the prey, 
and the prey population will increase until some other check is provided. 
This appears to be what generally happens when large predators meet 
large prey (Chapter 28). But even for such animals a total predation curve 
should be extremely interesting, since it will show just how much control 
needs to be applied by other agencies to explain the observed density of 
the prey. It is an indictment of modern biology that we do not possess 
such information for a single species or assembly of large predators. 


Long ago Aldo Leopold, in his classic work on Game Management 
(1936), split predation into five components, as follows: 


1 The density of the game population. 

2 The density of the predator population. 

3 The prediliction of the predator, that is, his natural food preferences. 

4 The physical condition of the game and the escape facilities available 
to it. 

5 The abundance of “buffers’’ or alternative foods for the predator. 


COMPUTER 
SIMULATION OF 
PREDATION 
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Holling’s analysis so far has considered the influence of the first three of 
these components and the last. The fourth could be avoided by using im- 
mobile prey like sawfly larve, although it obviously must be allowed for 
when considering most prey animals. Using the terminology of Solomon 
(1949) and Holling, the five components became 


1 Prey density. 

2 Predator density. 

3. The functional response of the predator. 
4 The functional response of the prey. 

5 Availability of alternate foods. 


And to make a complete model of changing events with time we must 
add 


6 Numerical response of the prey. 
7 Numerical response of the predator. 


Many of these seven components may be readily subdivided into still 
smaller components. Holling and his colleagues have set about doing 
this, a process they call “experimental component analysis.” They have 
concentrated first on the functional responses of insect predators showing 
the type 2 functional response, since these are likely to be basic to the 
responses of all animals. Time, the predator's limiting resource, must be 
taken up by eating and digesting prey, as well as in catching it, and these 
are components that must be allowed for. Then hunger may be important 
also, since there may be time lost before a satiated animal gets hungry 
enough to go after more food. Holling (1965) proceeds by estimating the 
time taken by each of these subcomponents in experiments with suitable 
animals (preying mantids seem particular favorites of his) and then substi- 
tuting these values in equations of the general form: 


@ = a(T;—tyNa) No 


N= number of prey attacked 

a=rate of successful search 

T,=time the predator is exposed to prey 
T, = time spent in handling prey 
N, = prey density 


Expansions of this equation to describe all the components of the 
responses of real animals become very complicated, but the solution of 
many-termed equations is now simple, thanks to digital computers. 
Holling made a model of the functional responses of preying mantids 
which contained 22 components. He measured these individually, and 
then used the data to program a computer to generate the functional 
response curve of a preying mantid. The result was a proper curvilinear 
type 2 response curve. He then measured a true functional response 
curve for a preying mantid in a cage, and the result is given in Figure 
30.14. The computer-generated response curve looks as if it has been 
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Number of flies per square centimeter Figure 30.14 


Functional responses of individual preying mantids (Hierodula crassa). The 
mantids were fed adult houseflies. Their catching prowess increased with density 
but at a decreasing rate, a result similar to that of the blindfolded girl experiment. 
(After Holling, 1965.) 


drawn through the experimentally determined points, but it hasn't. The 
computer program had behaved like a true-to-life mantid. 

This success of Holling’s, and others like it, offer the first real hope of 
analyzing and understanding complex affairs like predation. If you can 
measure and simulate 22 components of a mantid’s functional response, 
you can also subdivide and measure the rest of Leopold’s five main com- 
ponents of predation. You can then build into your computer program the 
numerical responses of both predator and prey, so that you have in your 
computer’s memory the correct set of responses which have been 
measured for individual sorts of predators and prey. But you can do more 
than this. One of the great difficulties of studying population dynamics in 
the field is that problem of dispersal, the constant worry lest the popula- 
tion changes you measure are the results of immigration and emmigration 
rather than of numerical responses of the populations themselves. Events 
in real life are going on at different rates in different places, or are out of 
phase. This problem is dealt with on a computer by seeing the area as 
divided by a grind into discrete subsections, simulating the events in each 
subsection separately, and then synthesizing the results from all subsec- 
tions. This is just the sort of bookkeeping chore that businesses buy 
computers to do for them, and a program for handling biological data in 
this way has been written by Watt (1964). Finally, a computer can be 
made to simulate history. It can take events as elements and compute 
them in sequence, and it can do it at the famed speed of computers. 
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Once the components of predation are so well measured that a com- 
puter can be programed to simulate all the activities of real predators and 
real prey, it will at last be possible to see exactly what does happen when 
predator meets prey, and continues to do so generation after generation. 
We shall be able to reproduce the events of epochs in a short time and 
seek to understand just why we are confronted with the particular 
numbers of predators and prey of our own day. Which of these sets of 
numbers are in rough states of balance? and which are still responding to 
catastrophes now distant in time? 

Holling (1968) and his colleagues are fond of saying that their models 
are “holistic, precise, realistic, and general.” This statement always 
impresses me like a passage of Browning's poetry, it gives a feel of uplift 
but | am not sure that | understand. What they mean is that their models 
are true to life. The models give us a chance to study nature which we 
have never had before, to study whole systems at once and to examine 
events so complex that we have hitherto looked at them in manners ar- 
tistic rather than scientific. The group of Canadian entomologists who 
have been mainly responsible for these insights have been guided by the 
need to understand the way predators work so that they can manipulate 
those predators as agents to control the pests of Canadian crops. But a dis- 
interested biologist can see the more glittering goal of using such models 
to understand the numbers and doings in the great game herds of the 
earth in the last few decades that can pass before they vanish forever. Let 
us undertake component analysis of predation and escape in herds of wil- 
debeest and prides of lions of the Serengeti, so that we can really know 
why there are just so many of them there. We need field biologists with a 
working knowledge of FORTRAN to guide their watchings and their 
counts. 


Songbirds in the spring become aggressive toward their neighbors, 
finally living and rearing their young as spaced-out pairs. This behavior 
apparently promotes durable pair-bonds without which mobile animals 
such as birds might not be able to breed successfully. A second effect of 
the behavior is that each pair comes to have a private piece of land in 
which to hunt for food, a landholding that has come to be called the 
birds’ territory. Territoriality is sufficiently explained as a device to 
Promote the breeding success of individual birds, but if there is a 
minimum size to a territory the behavior might have the consequence of 
population control. A ceiling would be set to bird numbers by the total 
area of land available, and any birds in excess of the ceiling could gain 
no livelihood and must perish. This hypothesis is attractive because it 
explains the remarkable constancy of many populations of large animals 
more completely than does the hypothesis of control by density-depen- 
dent winter death, but it faces the grave objection that it is apparently a 
mechanism of birth control which should not be allowed by a mecha- 
nism of natural selection favoring individuals who leave most offspring. 
This objection can be met, however, by supposing that the population 
regulation is an accident, a mere side effect of behavior giving such 
overriding breeding advantages to individuals as durable pair-bonds. 
The behavior has not been evolved as a population-checking device, 
although it does sometimes have that effect. A number of studies now 
Suggest that the surplus nonbreeding populations required by the hy- 
pothesis do, in fact, commonly exist. It is likely that any behavior which 
Confers its advantages through spacing-out of animals may have popula- 
tion effects. This applies both when solitary hunters, like mountain 
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lions, keep themselves apart in their favorite preserves and when social 
animals, like chickens or field mice, drive social outcasts from the 
favored living places. 


At first light on spring days, birds begin to sing. They are joined by others 
and still others until the air is a-twitter with their song, a splendid sound 
which we call the dawn chorus. It ends when the sun is fully risen, but 
individual birds go on singing at intervals throughout the day. Frequently, 
the singer seems to be on some vantage point, on a post, or a tall tree, or 
hovering high in the air over a favored field as the skylarks do. Coupled 
with this beautiful noise are other signs of spring excitement; birds 
display, they chase one another, they meet in symbolic struggles, and 
sometimes they fight in deadly earnest. All this noisy ritual clearly has 
something to do with breeding; but what? Romantic analogy long gave 
naturalists the idea that they were witnessing gallant sex struggles, in 
which males sang their challenges from the treetops, then met in desper- 
ate combat before the blushing eyes of their brides to be. Only the fit 
should breed, the fit should be chosen in battle, and the female rewarded 
with her love the biggest thug. This is a view of the struggle for existence 
that has been the apology for some of the ugliest doctrines of human tyr- 
anny that the military bullies of this century have produced. Fortunately, 
the hypothesis is unsound and we do not have to accept so depressing a 
view of nature. We were provided with a general understanding of the 
real significance of the spring behavior of songbirds in 1920, when Eliot 
Howard published conclusions from 20 years of inspired watching of 
English birds in a book called Territory in Bird Life. 

The tenor of Howard’s many observations of many kinds of birds can 
be given by following his thoughts about just one of them. A common 
English resident is a sparrow-sized finch called a yellow bunting (Em- 
beriza citrinella), or more popularly the yellowhammer. The male has a 
yellow head, which makes him conspicuous, and he sits by the roadside 
singing a song that anybody can recognize as ‘‘a-little-bit-of-bread-and- 
NO-cheese.” In winter, yellowhammers live in flocks, males, females, 
and other kinds of birds as well, all living together. But in spring, males 
begin to leave the flocks for short periods, tending round a favorite perch 
and experimenting with song. At first they often go back to the flock, but 
soon they spend longer and longer near their perch, leaving it for short 
times but then hurrying back. Many times Howard would see a cock 
yellowhammer plummeting to his perch in a fast, straight flight, as if he 
had forgotten something. Once back he would sing, ‘“a-little-bit-of-bread- 
and-NO-cheese.”” 


Eventually, each male took to foraging only near his perch, and alone. 
Where once the males were parts of gregarious flocks, each was now by 
itself, each spaced apart from the others, each advertising its presence 
with song. And the separated males became irascible, rushing angrily at 
any other male that came near the favored spot. There sometimes ensued 
one of those fights that had often been interpreted as combat for a mate. 
But Howard noted that there was usually no presumptive mate to be seen 
watching the gladiators. In other birds which he watched, migratory birds 
who wintered out of England, the males were at their quarreling some- 
times days and weeks before the later-arriving females were in England at 
all. The aloofness, irascibility, and the associated singing must serve 
some other function. 

The “‘little-bit-of-bread-and-NO-cheese” song did seem to attract a 
mate, for each male was joined by a female in the fullness of time. In 
migratory birds, the hypothesis that the song served as a beacon for 
females seemed particularly strong, for the late-arriving hens had to home 
in on cocks scattered far and wide before their arrival. In stay-at-homes 
like the yellowhammers, male singing probably served the same function. 
But it must be something more as well, because the males went on 
singing even after they acquired mates. Each pair built a nest and reared 
young near the vantage point from which the male had made his first 
experiments with song. They foraged nearby in that same local space 
which he had come to treat as home. And they both became irascible 
and intolerant of other birds. Now both would fly at an intruding male 
or at an intruding female; and sometimes the matronly hen would fly at 
an intruding hen, attacking her in real earnest; so much for the idea of 
the blushing female watching the combats of cavaliers, And each male, 
when his household duties would let him, went on singing from his 
favorite perch until the young were fledged and off his hands. 

To Howard, the advantage to the birds of this package of habits was 
clear. The singing and isolation of the males in early spring resulted, 
when they were joined by their mates, in isolated, separate pairs. Each 
hen became used to the same surroundings that had evidently become 
fixed in her cock’s senses as home, and the pair were kept together by this 
mutual sense of home. And it is vital that the pair should stay together 
after they had mated. They had to build a nest, incubate eggs, and rear 
completely helpless offspring. Without durable marriage the birds could 
not breed at all. Viewed against this necessity, their surly treatment of vis- 
itors of either sex was an equal necessity, because there must be no 
chance taken with the completeness of the pair-bond. The mindless 
brains of the birds could not be expected to maintain their couples 
through affection; selection had produced for birds this mechanism of 
joint selection and defense of a favored place to serve in its stead. In these 
terms, Howard was able to construct an hypothesis that completely 
explained the wonderful singing of birds on a spring morning, a time 
clearly resulting from the synchronous habits forced on birds by the cycle 
of day and night. His hypothesis also explained the celebrated fights and 
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displays that the birds made in spring. Both were parts of patterns of 
behavior necessary to keep such free-ranging animals as birds together 
while they reared their helpless young. Such behavioral patterns must be 
enforced by natural selection with extreme rigor, for any deviation must 
result in failure to breed and consequent hereditary oblivion. 

But there were other consequences of these habits, secondary con- 
sequences perhaps, yet important. The birds fed in restricted areas into 
much of which they would not allow birds of the same kind to enter. This 
meant that the special food supplies of their species in the immediate 
vicinity of their nests were reserved for their sole use. Each pair could 
feed on its own doorstep, so to speak, without having to undertake waste- 
ful journeys in quest of food. Energy was conserved, and could be 
diverted from the energy of unnecessary flight to rearing as many young 
as possible. This consequence of the behavior should thus also be favored 
by natural selection. A final consequence of the behavior was that birds 
held the space in which they fed, that they dominated an area, even to the 
extent of defending its boundaries against other birds of their own kind. 
To call such a space a bird's territory was an almost inescapable English 
usage. Birds sang and fought to gain territory, the favorable con- 
sequences of which were durable marriage and economy of energy for 
the rearing of young. Such was the Howard hypothesis of territorial 
behavior in birds, which is now so substantiated as to have the status of a 
general theory. Howard used the word “territory” with misgiving, 
knowing how it might be abused by those wishing human sentiments on 
animals, but feeling also that it expressed his general hypothesis so 
clearly that he could not avoid using it. It is perhaps fair to say that terri- 
tory was a name for a symptom expressing a whole syndrome of behav- 
ior. The symptom was the spacing out in defended areas, but the vital 
parts of the syndrome were the sets of habits which ensured that pairs 
should stay together in a place where they could rear their young. 

Most songbirds sang for territory, but birds other than songbirds also 
showed territorial behavior. Howard particularly noted how ledge- 
nesting seabirds like razor bills (an auk Alca torda) also had their favorite 
nesting space, though it be but a square foot of ledge. They, too, were at- 
tached to their home, displayed on it, and would brook no interference 
with it. They did not hold space in which to feed, but the other essen- 
tials of the behavior were there and the function of maintaining the 
home while the young were reared was met. ‘Territorial behavior’ 
could become a name for this behavioral syndrome, also. 

Behavior that can be called territorial is now known to be widespread 
in many kinds of vertebrate animals, although the matter has been most 
studied in birds. There is a growing literature illustrating examples of it 
among fishes. European sticklebacks, Gasterosteus aculeatus, small fish 
that live well in aquaria, are well-known for the nests they build at the 
bottom of the water, and for the way the male fish swims on guard, 
rushing at visitors with a display of his red breast as robins do. Many 
mammals seem to defend their homes, also. There seems, indeed, to be a 


wonderful array of home-holding activities among larger animals, all of 
which have the effect of spacing animals out, giving to each individual, 
pair, or sometimes group, territory of its own. 

All these forms of territorial behavior can be fully and sufficiently 
explained as devices to help individual animals attain high breeding suc- 
cess. Animals are helped to find mates, to preserve the union while 
rearing young, and to collect food from nearby, as Howard so clearly 
showed for the birds he studied. Property rights may also mean that time 
and energy need not be wasted in competition for food with other indi- 
viduals, thus enhancing the chances of individual survival. Predators may 
be best avoided when all travels are in a limited space that the owner 
knows very well. Spacing can reduce the spread of epidemic disease, and 
so on (Klopfer, 1969). With so many advantages conferred on individu- 
als, it is not hard to see that selection for the behavior should be very 
strong. 


If survival and success at breeding are enhanced by territorial behavior, 
as its widespread incidence suggests they must be, the effect on popula- 
tion should be to force it up. Territorial behavior becomes one more 
gambit in the race for maximum population, one more pressure that must 
be curbed by Chapman’s “environmental resistance” (Chapter 22), or by 
the mechanisms of weather and density dependence. But there is a pos- 
sible corollary of the behavior, which Howard pointed out in his book 
and which has been a source of hot argument among biologists ever 
since. There cannot be more pairs of breeding animals than there are ter- 
ritories in which they can breed. At once this introduces the idea of popu- 
lation control. Territory is defined in space, and the total space available 
to animals is limited. If, as Klopfer (1969) puts it, “the size of the territory 
Cannot be reduced beyond a certain point, and if successful reproduction 
requires that the bird possess a territory, the regulatory function of terri- 
tories becomes a function that is beyond dispute.’’ Populations might be 
expected to increase in size until they reach a limit set by the number of 
Possible breeding territories, after which the population is kept constant 
from year to year. Surplus animals become territorial outcasts. Denied 
a home, they perish. Only the normal population, set by the available 
territories, persists from year to year, unchanged except by chance 
Catastrophe. There thus develops the possibility of a general mechanism 
Setting limits to the numbers of many of the larger animals, a mechanism 
more certain than predation, more precise than weather, triggered by 
density yet not proportional to density, a mechanism that might uniquely 
account for the remarkable constancy in the numbers of many birds and 
other vertebrates. 


This hypothesis has received, and continues to receive, formidable op-, 


Position from some of the most articulate and scholarly of zoologists. 
David Lack (1966), whose review of population regulation set the tone 
for much modern work (Chapter 25), has several times set down his 
reasons for rejecting the hypothesis, making himself spokesman for the 
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opposition. The rejections are organized round the difficulty which the 
regulation hypothesis apparently raises for genetic theory. We are asked, 
so goes the argument, to accept that it is normal for individuals bested in 
territorial display to be outcasts who are denied progeny. Why, therefore, 
are these individuals not selected against so that their genotypes disap- 
pear? Only if the loser in ritual combat can also breed successfully will 
the genetic basis of the behavior be preserved. It seems that there must be 
territory for everybody, even if some are on inferior ground, so that none 
are denied the chance to breed. But this argument may be readily 
answered by supposing that the victors in ritual display are not geneti- 
cally preordained. Bird encounters, ritual or real, like human encounters, 
ritual or real, must be influenced by circumstance. The times of arrival, 
physiological condition and health, the history of the individual birds and 
their learning from past experience, their mood, their individual suit- 
ability to local peculiarities of the habitat contested, the fortunes of the 
combat itself; all these will influence the outcome of territorial struggles. 
We must assume that a bird which triumphs in an encounter might well 
have been bested by his victim if they had met on a different day. 

The critical arguments are more difficult to meet if the position is taken 
that the territorial mechanism has been evolved expressly as a population 
regulatory device. If this was true, then the advantage to the population 
would be that some individuals should fail to breed so that the survivors 
should live on in comfort and safety. But the altruists who sacrificed 
themselves would leave no progeny, and the genes for altruism must 
quickly vanish from the population. This raises the whole issue of group 
selection as proposed by Wynne-Edwards (Chapter 32) and for which 
there is so little evidence. But there is no need to assume that territoriality 
has evolved as a device for restricting populations in order to believe that 
it might have that effect. Regulation, if it occurs, is just one of the many 
effects of behavior that has other consequences of overwhelming impor- 
tance, The behavior forges marriage bonds, conserves energy, and pro- 
tects individuals from predators and disease. These are formidable evolu- 
tionary reasons for its existence. If a consequence of the behavior is also 
that population size is restricted, this may be no more than an extra effect, 
one of indifference to the evolutionary process promoting survival, an ef- 
fect analogous to those which a physician calls “side effects.” Proof that 
the behavior sometimes led to population regulation should only imply 
that this was an extra effect, not that it was the prime reason for which tef- 
ritorial behavior was selected. 

There are thus no theoretical arguments which say that territoriality 

ssh regulate populations, and we are left with the question: ‘‘Does 
it? 
- For territorial behavior to limit population size there must be surplus ’ 
birds that fail to breed. The most famous evidence for the existence of 
such a surplus has come to us by accident, evidence gathered initially for 
a quite different study. 

The state of Maine, like the portions of the boreal forest in Eastern 
Canada, has been much afflicted by spruce budworm, a caterpillar that 


sometimes becomes so abundant as to destroy whole forests. Many insec- 
tivorous birds eat the caterpillar, and it became important to know how 
effective the birds were at controlling the pest. Accordingly members of 
the United States Department of Agriculture and the Fish and Wildlife 
Service experimented with removing birds from a small plot of forest with 
the intent of comparing the local budworm population with those of areas 
possessing their normal compliment of birds. But first they made a careful 
count of the birds that arrived in the spring to take up territories in their 
chosen plot. Two weeks of field work in their 40-acre section revealed 
that there were 148 pairs of various species present. The investigators 
then went back with shotguns, intending to kill every bird in the wood. 
They spent two weeks at this endeavor, at the end of which time they had 
shot 302 adult male birds; and still there were territorial birds singing all 
over the wood, 148 to start with; 302 shot; many still there at the end. 
This was rather convincing evidence that there was a large surplus of 
birds in the neighborhood, who filled territories as fast as they became 
vacant (Stewart and Aldrich, 1951). Next year a team went back to the 
same 40-acre lot to see if they could confirm these results (Hensley and 
Cope, 1951). They made their initial census with even greater care, and 
they found 154 breeding pairs. This was remarkably close to the 148 pairs 
of the preceding spring. Then the team took to shooting again, this time 
getting 352 males before they quit. 

This evidence of the Maine gunners has seemed decisive to many, and 
is commonly quoted as demonstrating that territoriality does, indeed, reg- 
ulate populations. J. L. Brown (1969) in a recent review has made the 
only serious criticism of it, noting that the shooters bagged hardly any 
females. Of the 10 commonest species in the 40-acre wood not a single 
female was replaced; or, at any rate, not one female more than could be 
accounted for by the original census was collected. Was there a surplus 
of males only? (something odd enough to require explaining in its own 
right), or was it too late for the females to come in and fill territories made 
vacant by death? The latter seems more likely, suggesting that mating 
time for wallflowers was over, however much the males were still 
prepared for a chance at sexual display. But it would be nice to know. On 
the whole, this evidence must still be thought of as backing the regulation 
hypothesis. 

Perhaps clearer still is the evidence from a long and thorough study of 
Australian Magpies (Gymnorhina tibicen) by Carrik (1963). These birds 
live together, but they do so in two kinds of groups. One of these kinds is 
composed of birds which breed, which nest together in a home tree, and 
which collectively defend a mutual territory. They live completely in the 
territory, where they seem to thrive. Carrick called these groups “‘tribes.”’ 
The second kind of group, which Carrick called “flocks,” were of 
nonbreeding wanderers. The flocks had no territory, they suffered many 
losses from disease and other hazards, their numbers fluctuated mark- 
edly, and they never seemed to come into breeding condition. Occa- 
sionally a flock bird would be recruited into a territory, or a new territo- 
rial tribe would be forged out of a flock, but otherwise the flock birds had 
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no hereditary future. They were a floating population, just as required by 
the regulation hypothesis. The magpies are now immensely common 
birds of farmlands, being clearly one of those species that has expanded 
its population into habitats made by men. It is likely that the prominent 
“flocks” are able to persist only because of the species’ preadaptation to 
agricultural life, but in showing us a persistent floating population they 
show clearly how territoriality may limit populations even though there 
was no selection for the behavior which caused the effect. This example 
seems incontrovertibly to answer the question: Does territorial behavior 
sometimes regulate populations? with a yes! 

Vital to the hypothesis of population regulation is the thesis that territo- 
rial size cannot be reduced beyond a certain minimum. It is well-known, 
and generally accepted, that territorial sizes can be varied very widely. 
Some of the most striking variations are those in the territories of arctic 
birds feeding on lemmings (Pitelka et al., 1955 and Chapter 35), which 
may be huge when lemmings are rare but are closely packed during lem- 
ming highs so that the tundra seems dotted with nests. This variation 
seems a logical consequence of one of the apparent functions of territory 
about which there is no dispute, the advantage breeding birds derive from 
feeding close to home. If food is very plentiful, birds can feed very close 
to home indeed, journeying little and establishing boundaries near the 
nest. This mechanism should allow territory to fluctuate with the food 
supply; but it is not necessary that territory size fluctuate with the demand 
to explain the observed variation. The fact that territories do fluctuate 
from year to year is thus not evidence against the regulation hypothesis. 
All the hypothesis requires is that there is a minimum size for any abun- 
dance of food beyond which territories cannot be further compressed. 

For most animals we have as yet no evidence confirming that there are 
minimum territory sizes, but such information is hard to get and must 
always require careful observation over many years. Studies with various 
tits (Parulidae) and the Scottish red grouse (Lagopus scoticus) (Klopfer, 
1969; Lack, 1966), however, have rather convincingly suggested that 
there are lower limits beyond which some territories cannot be shrunk. 
Surplus birds are forced to live outside the favored habitats, where they 
commonly become the food of predators or scavengers. This is the same 
fate that overtook many of the muskrats studied by Errington (Chapter 28); 
most of those that could not find a place in which to live were surplus to 
the population and were eaten by minks. There is general belief among 
field ecologists that such histories are typical of the local populations of 
many animals. 

The general likelihood of the territorial mechanism acting as a popula- 
tion ceiling is, for many ecologists, enhanced by the difficulty of ex- 
plaining the common constancy of bird numbers without its aid. Bird 
numbers do fluctuate from year to year, but not by much. In particular, 
occasional gluts produced by odd favorable springs, and which appear as 
irruptions, are completely removed so that a normal number breed the 
following spring. If the territorial mechanism plays no part in this surgery 


of the gluts, then we must place our faith in other density-dependent 
mechanisms, presumably acting in winter as Lack’s general theory 
requires (Chapter 25). The importance of winter death cannot be 
doubted, and there can also be little doubt that there is a density-depen- 
dent component in this death. But this does not mean that the same 
number of birds should emerge from each winter’s ordeal. The numbers 
of birds entering the winnowing floors of winter varies with the success of 
the nesting season. The severity of the winters varies also. Winter death is 
presumably ultimately death from malnutrition, whether this be outright 
starvation or one of the various secondary consequences of being poorly 
fed. But starvation in vertebrates must not be expected to act in simple 
density-dependent ways, for often there will be mass death rather than a 
subtle killing which relieves the pressure on survivors. For this reason, the 
hypothesis which expects winter death to regulate with such elegant 
precision has not seemed so persuasive to all ecologists as it has to Lack. 
If the effects of winter death can be supplemented by the further reduc- 
tion of surplus survivors through their being unable to find territories, the 
observed stability of bird populations is more satisfyingly explained. 


All animals, except perhaps the drifting creatures of open water, must 
have their own special places in which to live. Commonly an animal may 
have a resting place, where it spends much time sleeping, digesting, or 
rearing young, and a larger area of familiar ground in which it finds its 
food. It is natural to call this tract of familiar ground its home range, a 
term that scarcely needs definition. It would be as natural to call this tract 
the animal’s “territory,” if it were not for the fact that “territory” had 
already been used by Howard in the somewhat different context of a 
defended possession. It has been a common practice of textbook writers 
to stress the difference between the two concepts by defining “territory” 
as the defended portion of the home range. For songbirds in the spring, 
territory and home range were identical pieces of ground, but it would 
be easy to imagine wide-ranging animals like mammalian carnivores 
hunting over much larger areas than they could attempt to defend. If such 
animals had territories, these presumably should be smaller areas near 
their lairs. So much seems reasonable, but it is now clear that this separa- 
tion between the concepts of territory and home range is misleading. 

Laying stress on defense in a definition of territoriality warps the thrust 
of Howard's observations, and distorts even more the conclusions of the 
many students of the subject who have followed him. Territorial behavior 
is essentially behavior that leads animals to keep to themselves. One pat- 
tern of behavior that produces this result in songbirds is aggressive display 
to neighbors, but the same result would be achieved if neighbors were 
merely aloof so that they mutually avoided each other. It is the common 
experience of naturalists that vertebrates of many kinds do seem to live 
spaced out, but this does not mean that their spacing must be achieved by 
battle, that they carve up the map of the earth like nations of warring men. 
To assume that they do so is to forget the individual advantages which we 
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Figure 31.1 


Scale: 1 inch = 2.5 miles 


Minimum winter home ranges of mountain lions in Idaho. These home ranges were mapped 
by following the lions tracks in the snow. The ranges were fairly discrete, and it seemed that 
the animals were seldom in the overlapping portions at the same time. One home range was 
used by two malelions, and another bya maleand three females, but the other ranges had soli- 
tary occupants. The spacing of the lions in winter can be explained as a mechanism for en- 
suring that each is able to hunt an area where the deer have not been disturbed by other 
lions (After Hornocker, 1969.) 


see for animals in their territorial behavior. Any actions which space them 
so that they breed in peace will give them these advantages. Fighting may 
have nothing to do with it. The combat rituals of some birds are distinc- 
tive, but they must not be allowed to influence our thinking about how all 
animals manage their affairs. 

The unsuitability of the traditional separation between territory and 
home range is nicely illustrated by a recent study on the mountain lions 
(Felis concolor) of Idaho by M. G. Hornocker (1969). 

Few men have ever seen a mountain lion, let alone settled down to 
study them. They are secretive animals, wandering over large tracts of 
country, killing in one place and next killing many miles away. Felis 
concolor, under its various local names of mountain lion, puma, cougar, 
and panther, has been shot into oblivion over most of America, and there 
is still a price on the head of this graceful and thrilling beast in many 
states of the Union. But in the wilderness of Idaho the mountain lions still 
thrive, and there Hornocker learned to track them in the deep snow of the 


| 


mountain winter. He would patiently pursue their tracks, day after day, 
having with him trained dogs to corner the lions at the end, while he 
subdued them with anaesthetic darts. Each animal he caught was iden- 
tified and marked. In four years of work he handled 43 different individu- 
als, catching many of them many times over. Nine he got to know well, 
catching them a total of 59 times. He mapped their trails, and matched 
the ground each covered with the individual lion as he caught up with it. 
In time, his maps showed him the extent of each lion’s wanderings, 
showing him the limits of the home range of each. And the maps also 
showed him where ranges and individuals met. 

The ranges of resident lions were remarkably distinct. Each prowled the 
many square miles of country which it knew well (Figure 31.1), and 
which it had largely to itself (surely, it is reasonable to say its “territory!’’). 
But there were lions, particularly young animals, who wandered more 
and who crossed and hunted inside the territories of even mature and es- 
tablished males. But the established lions offered no resistance to this 
poaching; instead, as tracks and spoor clearly showed, they went out of 
their way to avoid the youthful intruders. Once Hornocker actually 
caught a young animal at its kill in the territory of its virile elder, and then 
found the tracks of the owner first approaching, then turning away from 
where the younger and weaker beast was feeding. 

The lions marked their passage with scrapes and excrement, just as do 
domestic cats. The trails revealed that all the lions, young or old, males or 
females with cubs, turned away from the presence of others. The territo- 
rial spacing of individuals, apparently so similar to those of songbirds in 
the spring, was achieved by mutual avoidance. Established animals had 
home ranges that were as distinct as the territories of songbirds; but they 
did not defend them. 

The survival value of these discrete home ranges to animals of the 
lion's habit seemed clear to Hornocker. A large population of deer is 
needed to support one lion, which requires that the lions be scarce. Fur- 
thermore, a mountain lion is not so large and terrible a hunter that it can 
casually harvest its deer. It must hunt by stealth, getting very close to an 
unsuspecting, and perhaps weak, deer before delivering its attack. The 
quarry must not be nervous, which means that it must not be hunted too 
often. The survival of individual lions necessitates that each be able to 
wander over country that has not lately been hunted by other lions, and 
this requires that it have it to itself. A private hunting ground is a neces- 
sary Consequence of the hunting habits of mountain lions. The home 
range becomes perforce a territory, its boundaries set by the twin needs of 
the animals to wander on familiar ground and to be alone. 

It is likely that many animals establish something very like territories by 
avoidance, as do the mountain lions. These private spaces are very dif- 
ferent from the territories of songbirds, both in means of establishment 
and in evolutionary purpose. But both result in spacing out individuals 
and pairs. And both are likely to result in there being individuals who 
never succeed in finding a permanent home in which to breed or feed. 
Both result, therefore, in ceilings being set to the sizes of populations. 
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SOCIAL DOMINANCE 


come from the phenomenon of social dominance, the now well-known 
idea of the peck order. Gregarious animals often spar together or fight, 
just as do territorial birds, but may go on living together afterward all the 
same. After the first combat, however, they adopt perpetual positions of 
victor and vanquished, with one of the pair becoming a low-status animal 
that always gives way to the other. A series of pair encounters may es- 
tablish a complete hierarchy for the group, with one individual being 
socially dominant overall, and the status of the others being arranged in 
descending order. Such social structures in animals were first clearly 
recognized in domestic hens by the German biologist Schjelderup-Ebbe 
(1935) in the 1920s, and it is from his observations on the pecking of hens 
by each other that the term “‘peck-order’’ has come into common use. 
There seem to be real advantages to individuals in living in socially strat- 
ified societies, since many experimental and field studies show that the 
individuals of settled societies feed better and are more successful at 
rearing young than those in groups afflicted by the constant strife which 
accompanies the reception of a stream of outsiders (Allee et al., 1949). 
Probably this is because the animals who live in a socially-settled state 
neither waste time on strife nor suffer the effects of too much stress. 

Social dominance, like territoriality, can be understood as aiding the 
survival of individuals, But, also like territoriality, it can be expected to 
have effects on the size of populations as well. Many field studies have 
shown that vertebrates choose habitats, preferring special sorts of places 
in which to live even though other nearby places look satisfactory enough 
to the human eye. This is, of course, true for territorial birds, but it has 
been shown to be true for many small mammals as well, particularly 
rodents like the muskrats studied by Errington (Chapter 28) and various 
field mice and voles (Klopfer, 1969). Commonly, parts of fields will be 
crowded with animals while nearby areas are nearly empty. Within the 
favored place a social hierarchy may be established. When crowding 
becomes intense, it is easy to see how individuals at the bottom of the 
hierarchy may be so oppressed as to be driven out all together. Such 
animals should be wanderers from home, easy meat for predators, and 
liable to swift death. A hierarchy in a crowded place might thus force 
density-dependent death on the population, tending to stabilize the 
numbers of animals. 

This possibility has recently been reviewed by J. C. Christian (1970), 
one of the foremost students of small mammal populations. Christian 
reasons that the outcome of social meetings may be partly determined by 
circumstance, just as the outcome of territorial encounters must be in 
birds. He cites experiments in which the same pair of animals have been 
brought together at different times and in which first one has become the 
dominant animal, and then the other. There are also intriguing studies on 
record (Allee et al., 1949) in which the hierarchy seems to be circular, so 
that A is dominant to’B is dominant to C is dominant to D is dominant to 
A. It is thus possible for individuals with a variety of genetic components 


to be social outcasts, and denied a chance to breed. Social ostracism 
can thus serve as a check on numbers. 

Many individuals may be cast out from crowded populations, and the 
fate of the wanderers is then probably death, again like the homeless 
muskrats in Errington’s studies (Chapter 28). But if the population is low, 
some wanderers might succeed in finding new preferred living places, 
and the casting out of low-status individuals should then serve the species 
as a whole in good stead. The habit then provides the species with a dis- 
persal mechanism, something essential to animals whose preferred 
homes are ephemeral. All animals which live in plant communities of the 
early successional stages face this problem of dispersal. They must be op- 
portunists, ready always with colonists when fresh successions start. And 
social intolerance may well serve the small rodents of such places, the 
rats, mice, and voles so well-known to students of behavior, with the 
required drive to disperse. But for all the social outcasts who become the 
founders of new populations, there must be many more who die. These 
social habits may thus apply powerful checks to the growths of the popu- 
lations of opportunistic mammals. They may also provide a ready source 
of food to many sorts of predators, which are then able to act as scaven- 
gers rather than potent controlling influences in the prey populations. 
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The hormone systems of men react to many different forms of stress in 
the same way, which results in a set of symptoms called the general 
adaptation syndrome. This syndrome presumably represents a mobi- 
lizing of the body’s resources to meet the stress. We know that much the 
same sort of response is present in rats and suspect that it is general in 
all vertebrates. Extreme or unusual stress can cause an overreaction of 
the hormone system leading to shock disease and even death. Enlarged, 
or otherwise abnormal, adrenal glands are common symptoms of death 
by shock disease and they have been detected in a few populations of 
crowded wild animals and in overcrowded laboratory rats and mice. It 
seems probable that wild populations which have escaped the normal 
checks on their numbers so that they are forced to try to live in densities 
which the environment cannot indefinitely support, and to which their 
social mechanisms are not adapted, may suffer shock disease even as 
they are facing other inevitable agencies of their destruction. 
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Men under stress have more or different hormones circulating in their 
bloodstreams than men not so stressed, and this changed circulation of 
hormones seems clearly related to physical changes in the endocrine 
glands themselves, notably in the adrenal cortex. It seems that the body 
adapts to fatigue, hardship, or anxiety with a change in hormone balance. 
Since it has long been clear that many of the body’s responses are in fact 
regulated by hormones, it is not surprising to learn that changes in the 
stresses of life do lead to adaptive changes in the hormone regulating 
system. But it is surprising to find that a whole variety of stresses, from 
physical exhaustion to disease or worry, results in essentially the same set 
of hormone responses. Much work, particularly by the physiologist Hans 
Selye (1950) in the 1940s, has shown that the bodies of men, and their 
laboratory analogs, rats, do respond to different stresses in a common 
way. Different stresses produce similar effects on vital organs of the body, 
including of course those of the reproductive system. Selye called this 
common pattern of response to stress “The General Adaptation Syn- 
drome” (which often appears in scientific writing as GAS). We now know 
that stress produces the general adaptation syndrome in many kinds of 
vertebrate, it may well be in all of them. It seems likely that something of 
the sort happens in other groups of animals as well, even though we yet 
have little evidence for it. 

But if stresses of all kinds can invoke the general adaptation syndrome, 
might we not find that breeding is sometimes reduced by stresses of life 
that may have nothing obvious to do with reproduction. Reduction of 
breeding effort because there was not enough food for the young is one 
thing, but reduction of breeding because an animal was frightened too 
often or engaged in too much social activity in a crowded population is 
quite another. And yet there are common hormone responses to these 
varied forms of stress. Perhaps they do all lead to reduction in breeding 
effort. This is an attractive idea for population theory because we should 
expect stress to rise as populations get more crowded. If this extra stress 
invoked the general adaptation syndrome, and if the syndrome then 
reduced the breeding effort, there would be a beautifully designed 
density-dependent control device. But there should also be the possibility 
that local stresses could become so extreme that the general adaptation 
syndrome became overloaded, causing shock disease. Then populations 
might face diasterous loss. These possibilities were first clearly pointed 
out to ecologists by the work of J. J. Christian (1950). 

Christian found a simple way of assessing the general adaptation 
syndrome in rats when he found that stressed animals had heavier adre- 
nal glands than unstressed animals; apparently the larger output of the 
adrenal cortex meant that the glands had to be physically bigger, and an 
experimenter could abandon hormone chemistry for the simpler tech- 
niques of the analytical balance. This has sometimes proved a misleading 
and innaccurate measure in practice but it did serve well enough for 
some suggestive early studies. Equipped with this simple method of es- 
timating the presence of the syndrome, Christian proceeded to examine 


rats which led placid lives and to compare them with those who suffered 
stress. He found that wild rats living in sewers had adrenal glands that 
generally weighed half as much again as the adrenals of well fed, docile 
laboratory rats of the same size. Apparently the rough and tumble of 
sewer life represented stresses in the rats’ lives which were met by the 
general adaptation syndrome. The sewer rats were fine healthy speci- 
mens. For them the general adaptation syndrome was truly adaptive, 
helping them to breed well and achieve a high population in spite of the 
stresses of sewer life. 

Christian then designed experiments to see what would happen if 
stresses On rats were really severe, and the easiest way to contrive this 
was to let the animals become overcrowded. He kept colonies in com- 
fortable pens, giving them plenty of bedding, food, and water. Colonists 
in these pens showed no signs of stress, being in every way normal. But, 
being normal rats, they began to breed like rats, which is to say quickly 
and often. In a very few short rat generations the pens became crowded. 
The rats still got all the bedding, food, and water they could use, so that 
their physical wants were met, but they were clearly “falling over each 
other.’’ There were frequent fights, so frequent that males seemed to have 
little opportunity to mate. And the females who were mated resorbed 
their embryos, ate their young, or simply neglected them. Breeding came 
to almost a complete standstill, and the consequences of crowding had 
acted as an almost total check on population increase. The adrenal 
glands of these overstressed rats on autopsy proved to be twice as heavy 
as those of normal rats, which suggested, reasonably enough, that the 
general adaptation syndrome was rather heavily invoked. 

If rats under such crowding were kept penned up indefinitely, clearly a 
catastrophic population decline would follow. In spite of the fact that 
there was plenty of food, the population would suffer a massive loss, and 
this loss would be due to hormonal response to stress. But this hormonal 
response can still be considered adaptive, because conditions were such 
that breeding could well be impossible for all that there was plenty of 
food. A good breeding strategy for a rat under such impossible conditions 
for the rearing of the young would be to save its energies for breeding 
when things get better. So if the rats survive crowding, even though they 
do not breed when the crowd is at its worst, it is still reasonable to con- 
sider the adaptation syndrome to be truly adaptive, to be increasing the 
overall chance of every individual leaving as many viable offspring as 
Possible, But it is also possible for the general adaptation syndrome to be 
overloaded so that the stressed individuals actually die. 

It has often been noted in nature how some animal populations grow 
very large only to “crash,” that is to suffer catastrophic death. Plagues of 
rodents, for instance, very often end in this way, and have excited specu- 
lation throughout recorded history. Christian postulated that these 
crashes were due to failure to breed or shock disease brought on by 
stresses of crowding. 

Christian (1950) could find ready support for his hypothesis from the 
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works of others, Several times men had collected the dead when popula- 
tions of mice or voles had crashed, seeking by autopsy to explain the 
cause of death. They had usually failed to do so. There was rarely any evi- 
dence of infectious disease (although this had been found in hares) or 
starvation, and the animals might even seem fat and in apparently good 
condition. And yet they were dead. It was a mystery. But if they had died 
from hormone imbalance interfering with vital functions, as Christian 
suggested, the mystery was cleared away. There was a series of investiga- 
tions in the literature in which symptoms described as ‘shock disease”’ 
had been explicitly blamed for the deaths. This was the study of Green 
(1930) and others on the periodic sudden deaths of snowshoe hares. 
Hares both young and old would die suddenly and in convulsions. Dis- 
turbing a quiet hare, such as catching it, was apt to bring on the seizure. 
Green’s autopsies had revealed signs of physiological abnormality, such 
as too little sugar in the blood and fatty degeneration of the liver, 
symptoms that fitted perfectly with Christian’s hypothesis. The hares had 
been crowded, suffering much stress. The hormonal responses of the gen- 
eral adaptation syndrome had been pushed as far as they could go. One 
extra piece of stress, such as being grabbed, could not be accommodated, 
adrenal exhaustion ensued, the body's systems became disorganized, 
and rapid death followed. 

There was also the evidence from crashing populations of deer. There 
were many known histories of deer populations that had grown very large 
over the years, only to lose more than half their number in a single winter. 
These deaths were usually attributed to starvation, often for the very good 
reason that the animals seemed in poor condition in the weeks before 
they died. But it was seldom that thorough autopsies had been performed. 
Perhaps, if they were, evidence for hormonal abnormalities might be 
found in addition to the evidence for starvation. After all, starvation might 
be viewed as just another form of stress. Eventually, Christian and his col- 
leagues (1960) had a chance to test this hypothesis by studying the adre- 
nal glands of a population of deer as the numbers first grew to a peak and 
then passed through a catastrophic decline. 

A herd of the sika deer (Cervus nippon) had lived on little James Island 
in Chesapeake Bay, Maryland, since their introduction in 1916. The pop- 
ulation had grown steadily, particularly in the 1940s and 1950s, until 
there was a density of one deer to the acre in 1955. Deer have been 
thought to starve in Michigan at a density of 30 to the square mile, so it 
seemed likely that something would happen to the James Island herd 
before long. It was a cue for Christian and his colleagues to collect some 
deer for study, The animals seemed fit and healthy, but Christian re- 
corded their general state all the same, and he weighed their adrenal 
glands. In the winter of 1957 to 1958 60 percent of the herd died. There 
was no sign of epidemic disease or an abnormal load of parasites on the 
bodies. The corpses were fat, and their coats sleek. The range was not yet 
so damaged that there should be any reason to suspect sudden starvation, 
nor was there any record of climatic catastrophe to blame. But sections of 


the adrenal glands revealed abnormal tissues. When survivors of the 
disaster were collected next spring, they were found to have adrenal 
glands that weighed only half as much as those of the striken animals, or 
of any animals collected in the two years of crowding. This circumstantial 
evidence for death resulting from overloading of the general adaptive 
response to stress does seem rather strong. 

These studies of Christian and others have convincingly demonstrated 
both that stress can kill or prevent breeding, and that killing stresses can 
be induced by crowding. We are provided with an answer to the ques- 
tion; How can mass death be produced in nature when massive infection 
and starvation are absent? The phenomenon of mass death through shock 
is revealed as one more of the formidable checks to population increase 
which the natural world affords. It seems likely that populations who 
sometimes suffer it are normally kept in check by other means and that it 
is only when they have escaped these other controls by some accident 
that their populations grow so large as to crowd themselves into a state of 
shock. Opportunistic species should be particularly liable to this form of 
death because they characteristically reproduce quickly and experience 
high mortality of their wandering colonists. If their population falls on 
unusually good times, as when left on an island like the sika deer or able 
to thrive in the permanent succession stage of agriculture like many mice 
and voles, they experience crowding to which they are not adapted. Shock 
disease ensues, and there is catastrophic death. 


The possibilities of shock disease are bound to interest students of the 
human condition. Our cities are notorious for their problems of crime and 
mental disease; might not these problems have their roots in the general 
adaptation syndrome? Does crowding men into cities cause them to suf- 
fer stress so great that the output of their adrenal glands becomes ab- 
normal? This opens the way to an attractive hypothesis purporting to 
explain the ills of our day. Let us blame the miseries of the inner city on 
the stresses of crowded city life, onto purely physiological responses of 
the general adaptation syndrome. 

There must be grave doubts of whether this hypothesis has any sub- 
stance. Men are remarkably adaptable animals; and they go to cities of 
their own choice. The history books of Western societies are cluttered 
with stories of farmers decrying “the drift from the land’ as their laborers 
headed for the “better life’ of the city. Most civilized (the word means 
“accustomed to living in a city”) men prefer living in cities to living any- 
where else. There are undoubtedly many extra stresses in city life, but 
these are probably met by the truly adaptive qualities of the general adap- 
tation syndrome. Men in cities should probably be compared with 
healthy sewer rats; they like it there. 

When stresses become very bad, men are still able to overcome them 
by mechanisms of mental discipline denied to other animals. The many 
tales of cheerful endurance in beleagured fortresses is testimony to this. 
Physiological pressures tending to shock disease are always present at 
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such times, and some people do indeed succumb, but more conquer their 
own glands, avoid disease, and survive. When discipline fails, however, 
men do sometimes act like animals, as many nasty incidents of military 
excesses attest. Perhaps the leaders of such soldiers fail them, so that they 
react to the stresses of fright and pain with hormones rather than with 
steady minds. It would be interesting to weigh a few of their adrenals to 
see if the poorness of their military discipline had unleashed the uglier 
side of the general adaptation syndrome. 


The population consequences of occupying territories, of social hierar- 
chies, and of other forms of behavior are perhaps best thought of as side 
effects of habits which conferred selective advantage on individuals. Yet 
the population restraints which they imply might, in theory, serve to 
keep the numbers of animals which possess them comfortably below the 
carrying capacity of their habitat and so insure the species against the 
dangers of damaging its own resource by pressing on it too closely. 
Wynne-Edwards put forward the hypothesis that behavior which might 
restrict the size of populations had been evolved not as side effects but 
as the prime advantage which selection had worked to preserve. A 
requirement of the hypothesis is that it must be possible for natural 
selection to choose between groups, or societies, rather than just 
between individuals. Some forms of group selection in which individual 
survival is enhanced by membership of the group may be possible, but 
the hypothesis faces the very difficult fact that natural selection will 
always choose individuals who leave most offspring in preference to 
those who practice birth control. Behavior that has a limiting effect on 
population is only likely to persist if it gives overriding breeding advan- 
tage in other directions, as does the territorial habit in birds. In social 
vertebrates the setting of a modest limit to the population might well 
have a long-term advantage for the group, if it could be preserved by 
selection. But insects and many other sorts of animals which show 
complex group behavior are likely to be subjected to such other 
restraints that any population consequences of that behavior are likely 
to be unimportant. The general hypothesis of control by group behavior 
must be considered unnecessary to explain the habits we observe. 
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The animals whose numbers seem to us to fluctuate least are mostly con- 
spicuous vertebrates, the birds and mammals whose regular presence 
does much to give a sense of normalcy to the world around us. These 
animals must be under some sort of control, on conventional thinking, 
control by density-dependent death, but they are the very animals for 
whom density-dependent death is hardest to demonstrate. Some of them, 
like hawks and most mammalian carnivores, live at the ends of food 
chains, habits that make them immune from predation. There is also 
doubt (Chapter 28) that even the herbivores and insectivorous birds 
among them are controlled by predators. Both herbivores and carnivores 
suffer particularly from epidemics, but there is little evidence to suggest 
that many vertebrate populations are actually regulated by disease. This 
leaves starvation as the only other plausible density-dependent factor, 
and there is very little evidence that starvation is a good regulating agent. 
In summer, most animals seem to get plenty to eat. In winter, many do 
sometimes die when the food supply fails, but these are sudden losses, 
not regulating losses. Many ecologists have, nevertheless, placed their 
faith in winter starvation as the controling device (Chapter 25), but they 
have been unable to support the belief with much hard evidence. It is 
thus not unreasonable to put forward the hypothesis that neither preda- 
tion nor disease nor starvation normally regulate vertebrate populations, 
but it then becomes necessary to put forward an alternative hypothesis to 
explain the constant numbers. The Aberdeen zoologist, V. C. Wynne- 
Edwards, has pondered this possibility of an alternative hypothesis, and 
has put forward his views in a massive book called Animal Dispersion in 
Relation to Social Behavior. 

Wynne-Edwards was struck by the fact that many of the things that 
animals did seemed to affect their breeding success. The territorial behav- 
ior of birds was one such form of activity. The prevailing view was that 
this behavior had been evolved to ensure durable marriage and to con- 
serve energy in the rearing of young (Chapter 30), but some ecologists 
also believed that the behavior inevitably set limits to numbers, even 
though this was no more than an unavoidable side effect of the behavior. 
Such is the view taken in this book. But, Wynne-Edwards went further 
and postulated that regulation was the prime function of territorial behav- 
ior, that territoriality had evolved as a device for population control. The 
evolutionary advantage as he saw it was that bird populations should 
never get so large as to endanger the food supply and expose the popula- 
tion to the danger of extinction through mass starvation. Species without 
such a built-in control system should inevitably overeat their food some- 
time, become extinct, and be replaced by others who were able to 
manage their affairs better. 

But territoriality was not the only form of behavior which seemed to 
have population consequences. Social dominance, the phenomena of 
peck orders, also seemed to influence the family success of animals. Such 
effects could also be thought of merely as side effects of advantages con- 
ferred on individuals by the behavior (Chapter 28), but again Wynne- 
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Edwards took the argument a stage further and postulated that the real 
evolutionary significance of much of social dominance was the control 
of populations. es 

If the very widespread phenomena of territoriality and social domi- 
nance were to be explained as devices for population control, then the 
evolutionary advantage of being able to keep your population in check 
must be great indeed. Other behavioral mechanisms might well have 
been evolved to serve the same purpose. Wynne-Edwards reflected on 
what was known of the behavior of animals generally, particularly seek- 
ing patterns of social behavior for which there seemed as yet no adequate 
explanation. And he found what he sought in a variety of communal dis- 
plays. 

Many fish live in shoals, great pods of fish which swim together 
through the ocean. Why do they do this? Many birds “flight” together, 
like those great flights of starlings which swoop in wonderful formations 
tens of thousands strong across the dusk skies of London, a twittering grey 
cloud which disports itself for 10 minutes or so before plunging to the 
communual roost. What is the use of this to the birds? Deer and elk 
congregate briefly for the rut in the spring. Fur seals go to breed together 
in herds numbering 100,000 or so on tiny congested Pribilof beaches 
while miles of similar beaches are left unattended. Many cock gamebirds 
visit ancestral display grounds in the spring, there to strut and crow at 
each other before mating. Seabirds sometimes nest on traditional cliffs, 
while those roosting on nearby cliffs apparently cannot breed. Why 
should all these things be? 

For Wynne-Edwards these events all had something in common; they 
all arranged that the animals should be crowded together at some impor- 
tant times in their lives. He was looking for behavior which should so af- 
fect the reproduction of animals that their populations should be kept 
within safe limits; and he found widespread habits which made animals 
crowd themselves, particularly during the breeding season. He thought of 
these various forms of behavior as devices for counting heads and termed 
them epideictic display. There must be physiological feedbacks which 
report the amount of noise, or other social contact, to the reproductive 
systems during the crowd displays. A dense crowd should result in a 
lowered reproductive effort, a sparse crowd in numerous offspring. Evolu- 
tion had selected these various curious forms of behavior through their ef- 
fects on reproduction; and their evolutionary advantage was that popula- 
tions were kept so low that the food supply was never in danger. 

For this hypothesis to stand, it was necessary for Wynne-Edwards to 
suggest how the feedback mechanism might work, and for this he could 
draw on the work of Christian and others on the general adaptation 
syndrome (Chapter 32). Christian had shown that crowded rats and mice 
failed to breed, and he had further shown that this failure was associated 
with changes in the adreno-pituitary system brought on by crowding. 
Christian had to forcibly crowd his rats in cages, but if the crowding had 
come about through some compulsion of behavior it was not unreason- 
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able to suppose that similar changes in the adreno-pituitary system might 
be produced. Wynne-Edwards was thus able to suggest that the many 
forms of group behavior which were known in vertebrates were devices 
to crowd the animals together at key moments in their lives, that the den- 
sity of the resulting crowds was a measure of the local populations, that 
there were proportional adjustments in the adreno-pituitary systems of 
individuals, and that these hormonal adjustments regulated reproductive 
success. The known stability of vertebrate populations was thus not 
caused by density-dependent death, as was generally supposed, but by 
birth control. 

This is a grand hypothesis. It seems to have generality, offering a uni- 
fying explanation for an enormous number of the odd things which dif- 
ferent animals do. It couples all these oddities with the one vital function 
of reproduction. It suggests a beautifully tuned feedback system between 
the pressures of the environment and the responses of the organism. It 
grants evolution the success of having made animals which live without 
damaging the sources of their lives, in elegant and satisfactory balance. 
And it was set forth in a compelling book, lucidly written, documented in 
a truly Darwinian manner with forcible arrays of examples. But there are 
grave reasons for doubting the general validity of the hypothesis all the 
same. 

The most serious difficulty is the way the hypothesis conflicts with ac- 
cepted evolutionary theory. Natural selection has always been thought to 
act on individuals, always promoting the survival of the most fit individ- 
ual at the expense of others less fit. A fit individual must be one that 
leaves most surviving offspring, and all animals must be adapted to 
reproduce as fast as their ways of life and the conditions of their times 
permit. This is the reasoning that led Lack to argue that all birds rear the 
maximum number of eggs which their food supply allows (Chapter 25). 
But Wynne-Edwards is suggesting that there may be evolutionary advan- 
tage in sometimes rearing less young than food and circumstances 
permit. He suggests that all individuals of a local interbreeding group 
may, when crowded, produce less young than the food supply allows. 
They are to forego some of the food available to them and have a small 
family so that the species may benefit in some future generation. Why is 
it, then, that some individuals of the group do not go on producing all the 
young they can, use up the surplus food, leave more offspring than those 
who practice self-denial, and in time completely replace them so that the 
genes of the self-denying ones vanish from the population? 

And there is perhaps a more serious difficulty yet. Even if a local group 
practices birth control in the interests of its descendants, it still has to 
compete successfully with other groups of the same species that might 
compete for food more aggressively, gain more energy, and leave more 
offspring by its policy of rapid breeding while the going is good. Wynne- 
Edwards has to infer that reproductively abstemious groups will replace 
the profligate ones in times of food shortage, even though there will be a 
larger number of profligate individuals whom chance might help over the 


bad times. Somehow abstemious individuals in the original group must 
finally leave more offspring than do those with more aggressive reproduc- 
tive drives. These are difficult requirements for classical selection theory 
to meet. As a result, the Wynne-Edwards hypothesis has come under con- 
tinuing and indignant attack by many evolutionary theorists and ecol- 
ogists (Lack, 1968). The possibilities remain intriguing, however, and it 
seems not impossible that theories of group selection based on the 
phenotypic expression of interacting genotypes (Griffing, 1967; Wiens, 
1966) might yet show how some of the effects of group selection 
postulated by Wynne-Edwards can be reconciled with classical theory. 

One recent study offers some indication that a group regulation of pop- 
ulation might actually be occurring in a species of socially active animal, 
the Dall mountain sheep (Ovi dalli stone). These animals perform an 
elaborate rut in the breeding season during which the males fight with 
their big horns. Valerius Geist (1966) spent a total of 35 months watching 
the mountain sheep in British Columbia, setting himself the task of deter- 
mining the real significance of the large horns in the lives of the animals. 
That the horns could be used as weapons, as shields, and to absorb the 
shock of combat was easy to verify, but the same functions were served 
by the much smaller horns of many ungulates. There must be some 
special purpose to explain the very bigness of horns in this one species. 
Geist, through numerous observations of males approaching each other, 
and masterly statistical handling of his data, was able to show that horn 
size conferred social dominance in this species. A male with small horns 
automatically treated a male with much larger horns as his social supe- 
rior, and yielded to him. A result of this was that the males with the largest 
horns mated nearly all the ewes, and males with very small horns mated 
none at all. A selection pressure towards largeness in horns is immedi- 
ately revealed, but this leads to the question: Why has the genotype for 
small horns not disappeared entirely? Geist found that although the 
biggest-horned males got most of the ewes, they usually only survived a 
single reproductive season. The largest-horned males were short-lived 
animals. Males with middle-sized horns, on the other hand, always 
mated a few ewes and had a mating life of many years. In spite of the 
social superiority of big horns, it seemed likely that males with moderate 
horns each left more surviving offspring in the long run, and the tendency 
towards a population in which all the males had giant horns was 
checked. This is evidence that leaving less than the maximum number of 
offspring in any one year need not be fatal to an individual's genotype. It 
may also be that in years of dense populations, the intense activities of the 
rut may mean that the socially dominant animals do all the mating, and 
that only their short-lived offspring are left. In subsequent years the popu- 
lation should tend to decline as a result, and the longer-lived males with 
middle-sized horns would do more of the mating. This seems to imply the 
sort of mechanism that the Wynne-Edwards hypothesis demands. It is not 
surprising to find this evidence in socially organized and evolutionary ad- 
vanced animals like mountain sheep. These are also animals which, fail- 
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ing other checks such as predators (Chapter 28), may be in special 
need of regulation devices to avoid population explosions which destroy 
their range. 

The story of the mountain sheep must give encouragement to the belief 
that population checks can result from rutting activities, but this need not 
be more than yet another example of a population check applied by 
habits evolved for quite other purposes. Social dominance is aided by 
large horns, but there must be some limit to the practicable size of horns, 
and we find an evolutionary mechanism, coupling horn size to longevity, 
which ensures that horns do not get too big. A side effect of this is that 
checks are applied to population growth. This story is analogous to those 
of other forms of social dominance and territoriality described in Chapter 
31. These widespread forms of behavior do all seem to apply checks to 
populations, but this does not mean that they have been evolved as regu- 
lation devices. Critical examination of very many of Wynne-Edwards’ ex- 
amples shows that the population consequences he illustrates are of these 
territoriality and social-dominance types. It may be, as | incline to 
believe, that these activities nearly all restrict population size, but this 
does not mean that they have evolved for that purpose as Wynne- 
Edwards claims. 

Wynne-Edwards’ arguments have been further weakened by his own 
thorough demonstration that much group behavior also occurs among in- 
vertebrates. He cites the singing of crickets and cicadas as being possible 
devices for estimating population size, and dwells on the group behavior 
of whirligig beetles spinning round together in their restless way over 
small patches of pond water. It is one thing to imagine that the noise of a 
starling roosting-flight produces hormonal feedback, but quite another to 
suggest that clouds of swimming beetles do the same thing. There is little 
difficulty in accounting for the control of insect numbers through preda- 
tion, disease, and weather, agents of control so formidable that insects are 
highly unlikely to need to apply additional restraints on themselves. And 
yet many insects show group behavior analogous to that of vertebrates. If 
the insect groups owe their existence to matters other than birth control, 
may not the vertebrate groups likewise be concerned with other things? 

That many hypotheses can be put forward for any one syndrome of 
group behavior is nicely illustrated by the story of the diurnal migration of 
plankton and some fishes. In temperate lakes at high noon the animals of 
the plankton may be concentrated in a layer about a meter below the sur- 
face, but in the evening they gradually rise to the top, then scatter. There 
is thus a diurnal rhythm, with the tiny animals rising and falling through a 
meter of water as day follows night. Much the same thing happens in the 
sea (Figure 33.1), but there some planktonic animals such as copepods 
may migrate up and down a full 100 meters with the diurnal cycle. Larger 
crustacea and small fish may achieve vertical migrations of as much as 
800 meters, appearing by day as a trace on the sonar of ships known as 
the deep scattering layer and swimming upward at night to vanish from 
the sonar screens as they disperse in the surface waters of the ocean. 
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Vertical diurnal migration in the open sea. A copepod (Calanus), a small jellyfish (Cosme- 
tira), and a mysid crustacean (Leptomysis) are shown in their relative positions throughout a 
twenty-four hour cycle. A number of hypotheses have been put forward to explain this 
behavior, none of which seem applicable to the lives of all the different kinds of animals that 
show it. [From Allee et al. (1949), after Russell and Yonge.] 


These diurnal vertical migrations have attracted much attention from 
students of lakes and the sea, and many hypotheses have been put 
forward to explain the habit. Wynne-Edwards listed this behavior as 
group behavior since he was at pains to collect as many examples as pos- 
sible. No doubt he did not seriously think that diurnal migrations of 
plankton were an advanced form of social behavior himself, for there was 
no shortage of possible explanations. But having listed such ‘“examples’’ 
gave a special advantage to reviewers who could speedily dismiss the 
hypothesis on the strength of them. 

Consider some of the alternative hypotheses put forward to explain the 
vertical migrations, all of which probably have some validity in fact. The 
one-meter migrations in lakes probably result from the animals following 
the tiny flagellate plants of the phytoplankton. These tiny plants probably 
swim up or down to the optimum light intensity for photosynthesis, 
sinking as the sun rises and rising as it sets. The animals merely keep pace 
with their food supply. This explanation probably does not apply to the 
hundred-meter migrations of ocean copepods, nor the 800-meter migra- 
tions of small fish, but there are other explanations for these. One is that 
there are often lateral currents flowing below the sea surface so that a 


Figure 33.1 


470 


THE NATURAL CHECKS 
ON NUMBERS 


daily descent will place the animal into water moving sideways, so that it 
can come up to feed in a different place each night. The habit is thus 
viewed as serving the purpose of dispersal. Another hypothesis is that the 
lighted surface waters are too dangerous in daytime because there is no 
place for small animals to hide from their predators. They hide in the 
depths by day, only coming up to feed in the safety of darkness. A third 
hypothesis rests on thermodynamics. The animals have to feed in the 
warm surface waters, for that is where the plants are, but they go down to 
cold water below the thermocline in daytime where they lower their 
body temperatures, slow their metabolisms, and conserve energy while 
digesting. To most biologists (probably including Wynne-Edwards) any 
and all of these hypotheses seem more reasonable than that the animals 
dive each day to count heads. But this is no reason for dismissing the 
whole hypothesis. 

In conclusion, it may be said that many forms of group behavior, such 
as territoriality and social dominance, probably do exert strong influences 
on reproductive success and population size. These effects, however, 
may be no more than side effects of habits evolved because they grant ad- 
vantages to individuals. The behavior of individuals preadapts the popu- 
lation for survival by restricting its numbers in good breeding years, and 
the population then avoids the danger of starving in subsequent lean 
times. But there is little reason to believe that social behavior has evolved 
specifically to promote birth control, as Wynne-Edwards argues. 

The theoretical difficulties with group selection may yield to modern 
population genetics, suggesting that some forms of behavior in a few 
groups of animals might have been preserved because they provide insur- 
ance against excessive population. The behavior thus preserved by group 
selection would likely be behavior originally evolved because it served 
individuals well, but which also preadapted the population to living 
within its means. Such forms of behavior are likely in gregarious and 
sociable vertebrates, or in those large predators, like mountain lions and 
grizzly bears, whose survival may depend on having a private place in 
which to hunt. When populations of these animals are not provided with 
other checks, such as predation or disease, the preadaptive advantages of 
behavioral checks might well be preserved and refined by group selec- 
tion of some sort. 


The numbers of wild plants have, until recently, not seemed as interest- 
ing as the sizes or area covered by those plants. Students of vegetation 
have tended to concentrate on the differing success of various species of 
plants in terms of habitat differences, believing that an understanding of 
the physical requirements of plants should lead to an understanding of 
their distribution in nature. But this approach would be misleading if the 
plants were subjected to strong grazing pressures by herbivores. An 
ecologist must think that a stationary item of food, like a plant, is 
inherently likely to be attacked by something which eats it, and a variety 
of recent studies suggest that such attacks, often very strong attacks, are 
virtually universal. The stationary plants have responded over evolu- 
tionary time with dispersal mechanisms, or by making themselves inedi- 
ble in some way. Bad-tasting plants have resulted in the evolution of 
specialized herbivores which can eat them, thus accounting for much of 
the observed diversity of plants and for the even greater diversity of her- 
bivorous insects. The many species of trees in a tropical forest may 
reflect the concentrated herbivore pressures on their seeds and seed- 
lings which allow only widely dispersed individuals to develop. It 
seems that looking at plants as the prey of herbivore attackers gives a 
more useful insight into the distribution and abundance of plants than 
thinking of them as parts of vegetation controlled by the habitat. 
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Studies of vegetation have long been influenced by the apparent com- 
pleteness of the carpet of plants which covers much of the earth. The 
wetter places have always seemed to be perpetually green with plants, 
and even the browner places, now revealed by satellite photographs to 
be typical of most of the earth (Chapter 27), have seemed to be covered 
with as much vegetation as water or other limiting factors allow. It has 
been easy to think that, within any formation, numbers of plants are set 
by dividing the size of a typical individual of the required form and 
habit into the space available. Plants are always being eaten down, it is 
true, but they make good these losses so well that much of plant produce is 
left uneaten by herbivores, going by default to decomposers. Surely, then, 
the numbers of plants are determined solely by their abilities to win space 
and nutrients from other plants. This has long been the prevailing view of 
botanists. The ground is shared by different kinds of plants, it is true, and 
the numbers of any one kind vary from place to place, but these differing 
numbers could be explained by slight habitat differences. If you studied 
plants carefully enough, you would find that their individual tolerances 
varied, that one needed more phosphorus or wetter ground than another, 
that a third could not endure late frosts, or shade, or high wind. For sev- 
eral decades this line of reasoning has led to attempts to study the dis- 
tribution of individual plant species by growing them in environment 
chambers, in isolation, under rigorous control. There would be no 
animals present to spoil the measurements, letting the experimenter see 
just what the plant could do, afterwards attempting to explain its natural 
distribution in terms of its measured “tolerances.” Similar thinking led to 
field workers identifying microhabitats, which would be covered by the 
appropriate kinds of plants. Breaks in this pattern caused by disturbance 
led to successions, as plants suited to the new kind of microhabitat 
moved in, but the numbers of successional plants could also be under- 
stood almost solely in terms of competition with other plants for a limited 
supply of suitable microhabitat. In practice, numbers were not very im- 
portant, anyway, it was cover that counted, the area covered by plants of 
changing shape. 

Botanists have, of course, always been aware that grazing animals 
often alter the forms of plants or affect the species composition of a range, 
but these activities could be allowed for under a general “controlling 
influence of habitat’’ hypothesis. It is usual in plant ecology books to find 
the influence of animals, or “biotic factors,’’ discussed in turn with water, 
temperature, and soils as one of the parameters of the habitat. 

Such is the thinking which has dominated plant ecology up to the 
present day. But there is evidence which suggests different explanations 
for the observed numbers of many plants. Revealing is the famous story of 
the attempts to control the prickly pear in Australia. 


The prickly pear cactus (Opuntia spp) was introduced to Australia from 
America toward the close of the last century, for the plant is pretty and 
you can make good fences out of it. But it escaped, spread, and went on 


spreading until in 1925 it was the dominant plant over 60 million acres of 
range land. Its numbers had expanded exponentially, and other plants ap- 
parently could not resist its coming. Sheep would not eat it; men and 
horses could not force their way through it; the range was ruined. Bota- 
nists apparently had no answer to this problem, but Australian en- 
tomologists thought they did (Dodd, 1940; Holloway, 1964). They sent 
explorers to America to collect likely insects which ate prickly pear, and 
brought back a number, among them a moth Cactoblastis cactorum. This 
moth they reared in Australia, and then started to put patches of its eggs 
on wild prickly pear plants. The caterpillers thrived; the moth population 
expanded rapidly and expontentially. The caterpillers ate up every cactus 
within crawling distance; as full grown moths they flew on to the next 
patch. A wave of caterpillers spread across Australia, devastating the 
cactus, leaving none behind. In a very few years the 60 million acres 
were back under grass, and the sheep farmers prospered once more (Fig- 
ure 34.1). 

But prosperous sheep farmers were not quite the end of the story. 
Prickly pear still exists in Australia, although the survivors are few and far 
between. Cactoblastis cactorum still lives there, too, and it still seems to 
feed only on the cactus. What seems to be happening is a great game of 
hide-and-seek between the plant and the moth. In odd places the cater- 
pillars have missed a cactus, and it thrives for a few years until a wan- 
dering moth finds it. Then it is destroyed, but meanwhile other cactus 
plants have got away from the moths somewhere else, Plants are always 
being eliminated, but others are always popping up. Caterpillars often 
starve, wandering moths often die without finding a plant on which to lay 
their eggs, but occasionally one of the searchers finds a cactus, its larvae 
destroy it, and another generation of searchers is produced. 

Very clearly the numbers of prickly pear plants in Australia are now set, 
not by other plants or by microhabitats but by animals that eat prickly 
pear. And yet the Australian ranges are still as green (or perhaps brown), 
as ever they were, and the total mass of plant production is probably still 
much more than is taken by animals, even by the sheep. Other plants 
filled the place of the slaughtered cactus as fast as it was removed. But 
why should not these other plants be likewise engaged in escaping from 
some herbivore, even as the cactus is? There are many species of plants in 
a range, and there are many more species of herbivorous insects, each a 
specialist at hunting out particular kinds of plants. We should expect the 
lethal qualities of many of the hunts to be muted over evolutionary time, 
as selection favored plants with defences against their animal aggressors, 
perhaps particularly chemical defences, but enough games of hide-and- 
seek going on at the same time could provide the basis for that ever- 
present plant cover. The constant supply of food energy from the sun 
should do the rest, allowing plants temporarily not under attack to ex- 
pand as fast as herbivores clear ground for them. 

Itis thus possible to put forward the hypothesis that many plant popula- 
tions are, in fact, regulated by animals. Herbivores act like the searching 
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Figure 34.1 


Rangeland in Australia before and after the moth Cactoblastis cactorum was introduced. 
Larvae of Cactoblastis cactorum feed only on species of Opuntia. Introduction of the moth 
to rangeland dominated by Opuntia led to rapid population growth of the moth whose 
larvae almost totally destroyed the cacti in every part of the range. Once the wave of cater- 
pillars passed, both the cactus and the moth became tare, with isolated patches of cactus 
springing up until a wandering moth finds them and lays a clutch of eggs. 


predators in Holling’s models (Chapter 30), and their anchored quarry, 
the rooted plants, act much like simple prey. This hypothesis has the 
special attraction that it seems to give an understanding of the diversity of 
plants, as well as providing a fresh way of looking at plant numbers. 
Plants under attack by something intending to eat them have, in an evolu- 
tionary sense, only two ways of escape. They can be good at dispersing, 
either by casting seeds far and wide or by organizing themselves to throw 
out vegetative shoots while their attackers wander on or change genera- 
tions. This they plainly all do, in some way or another, making use of that 
constant, unflagging source of food energy. But they can also manage to 
taste bad or even be poisonous to their tormentors. This also they plainly 
do. And herbivores, particularly insects, have responded by evolving spe- 
cialized abilities to feed on just a few of the strange-tasting array of plants. 
Here we have an explanation of both the great variety of plants that live in 
similar places, as ina pasture, and some part of the even greater diversity 
of the insects which eat them. And this satisfying insight is based on the 
hypothesis that grazing pressures severely limit the fortunes of individual 
plant species. 

This way of looking at plant numbers and plant species is implicit in 
Darwin's discussions of plants in The Origin of Species, but like so many 
other things in that wonderful book the hint has been passed by many 
who succeeded him. The viewpoint has recently been restated by J. L. 
Harper (1967) of the University of North Wales. 

Harper’s thoughts have developed from the evidence collected by 
agricultural workers, from the evidence of attempts to control weeds like 
the prickly pear, and from the experience of those who have tried to find 
how best to manage pastures. A famous story of biological control of 
weeds he finds even more revealing than that of Cactoblastis and the 
prickly pear. This was the successful control of the Klamath weed or St. 
John’s Wort (Hypericum perforatum) in California by the beetle 
Chrysolina quadrigemina (Harper, 1969). In its essentials the story runs 
parallel to the cactus story. An obnoxious weed dominated pastures, the 
beetle was brought in, it reduced the weed to but a trace in a few seasons, 
and now there lives on a sparse population of plants playing hide-and- 
seek with the beetles. But there is this difference; the weed is still 
common in shaded woody areas where apparently the beetle does not 
care to live. Harper points out that the microhabitat in the shady woods is 
quite different from that of the open fields. Anyone coming on the present 
distribution of Hypericum perforatum in California should be excused for 
thinking that its range was set by its requirement for shady woodland 
sites. But they would be wrong. It is rare in pastures but common in 
woods because of a beetle. No amount of growth-chamber study would 
reveal this fact. 

It is perhaps easy to see how insects of specific tastes may single out 
and control particular species of plants, but how about larger grazing 
animals? Harper (1969) was able to draw on the many observations and 
experiments on sheep grazing in Britain to answer this point. Some plants 
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are much more palatable to sheep than others; the animals, although 
larger than their prey, do pick and choose in the pasture. Heavy grazing 
of a pasture originally composed of palatable species quickly led to 
increased diversity; where there were once few species there were now 
many in the turf. This result was quite in keeping with the beetle and Cac- 
toblastis studies. The sheep concentrated on their chosen food, reduced 
its numbers, and made room for other species to come in. But when a 
pasture was largely made up of plants known to be unpalatable to sheep, 
heavy grazing reduced the diversity. Apparently the sheep were hunting 
out the few plants they really cared for, and got almost everyone as soon 
as they became established. In this way they reduced the species list. In 
both series of experiments the pastures remained green all the time, the 
regulations of populations being hidden as survivors and immigrants con- 
stantly expanded to fill vacated land. 

The elimination of rabbits from Britain by the virus disease myxoma- 
tosis gave botanists a ready-made experiment on the effects of this her- 
bivore in controlling the numbers of some plants. The disease struck 
swiftly in 1954, swept across the island, and was so completely fatal that 
its coming killed virtually every rabbit in places where they had been 
present in the tens of thousands. The British countryside changed from 
one year to the next as long ungrazed pastures sprang up and new plant 
successions began. But the first and immediate effect was a sudden 
increase in the numbers of plant species present in the old rabbit pastures. 
This happened on the very quadrats that had long been studied by profes- 
sional ecologists. The plants of a tiny island off Wales had been studied 
for 300 years. In the year after the rabbits died there appeared 33 species 
that had never before been seen on the island. Presumably their seeds 
had blown from the mainland, as they had done every year for 300 years, 
but this time there were no rabbits and they were allowed to grow big 
enough for the botanists to find them. Truly the rabbits had been acting as 
plant population regulators of formidable effect (Lancey, in Harper, 1969). 


These various lines of evidence; the effective biological control of weeds, 
the quality of so many plants which makes them taste bad to most her- 
bivores, the specialized eating habits of the herbivores themselves, and 
the effects of large grazing animals; leave little doubt that many herb pop- 
ulations are, in fact, controlled by animals who eat them. But what of 
woody plants, of shrubs, and particularly trees? Before man came along 
most of the more verdant parts of the earth seem to have been covered 
with forests, and trees are not obviously grazed down like grass in a pas- 
ture or cactus pursued by a moth. Yet there is clear and immediate evi- 
dence that even trees live under relentless attack. The very woodiness of 
them may itself be partly a defence against being eaten, and one which is 
very effective. Few animals eat even the cellulose of wood, apparently 
none without the aid of symbiotic microorganisms to provide the neces- 
sary enzymes. This poses the question, “Why can’t animals eat cellu- 
lose?” which is, as Harper (1969) remarks, one of the greatest mysteries of 


biology, | think as great as that similar, “Why can’t large plants fix ni- 
trogen?” (Chapter 15). Being woody helps trees to be large, but it clearly 
also defends them by its uneatable qualities, and the trees increase this 
protection by developing lignin and a variety of substances to impregnate 
the heartwood. These may best be explained as extra chemical defences, 
perhaps particularly against fungi. 

It may also be argued that the very size of trees also defends against at- 
tack, since there are few animals large enough to browse on trees in the 
forests we know. But in the past there have been many, not only things like 
elephants and giraffes, but giant ground sloths, various relatives of the 
elephant, and bovine animals with long necks. In modern rain forests 
there are still tree sloths, monkeys, and gorillas, all adapted to feeding in 
the canopy. 

Even temperate forests of settled countries are under herbivore attack, 
mostly by insects and other arthropods. Casually looking at a forest may 
suggest that the take of these is small, but in fact we are beginning to real- 
ize that the grazing pressure of such animals may be crucial to the suc- 
cess of a tree. 

G. C. Varley (1970) of Oxford University has for many years studied the 
effects of a small moth whose caterpillars attack the young leaves of oak 
trees in the spring. The dates at which the oak leaves open vary from year 
to year and from tree to tree, and the caterpillars must use some environ- 
mental cues to ensure that they hatch from their eggs at the right time. 
When they synchronize well, they may totally destroy the first crop of 
leaves, after which they pupate and worry the tree no more that season. 
The tree quickly grows more leaves, and the casual observer hardly has 
reason to believe that its fortunes have been affected much. But Varley 
found that the energy cost of having to grow a second crop of leaves was 
SO great as to represent something like half the energy store the tree was 
able to accumulate during one season’s growth. This is not half the total 
production of the tree during the season, of course, because much of that 
goes to maintenance, but half the interest on this capital which it could 
use for new growth. The spring strike of caterpillars, so quickly made 
good by the tree, clearly acts as a severe curb on the tree. If the tree is 
competing for light and space with other trees not so afflicted, the cater- 
pillars could well be the decisive factors in its success, and in the even- 
tual size of its population. 


Grazing on tree leaves by caterpillars may fairly be called “parasitism,”’ 
since the animals live on their host without killing it. But herbivores may 
also act as predators, killing and eating whole individual plants. The in- 
sects used in the biological control of weeds, or the grazing of sheep and 
rabbits described by Harper, were acting in this way as predators, since 
they killed the plants they attacked. Animals that attack large trees can 
also act as predators, if they eat seedlings or seeds. In Chapter 23 it was 
suggested that the main crunch of competition in tropical forests should 
come during the establishment of seedlings, but it may be that predatory 


477 
THE CHECKS ON PLANT 
NUMBERS 


PREDATION ON_ THE 
YOUNG OF FOREST 
TREES 


478 
THE NATURAL CHECKS 
ON NUMBERS 


attacks on seedlings and seeds may be even more important than compe- 
tition. This possibility has recently been put forward by Janzen (1970, 
1971), and followed up with illuminating results. 

Janzen concentrates his work on tropical forests, attempting to explain 
the dispersion of rain-forest trees and the associated large number of 
species in terms of seedling and seed predation. He argues that the area 
under the canopy of a tree is a deadly place for the tree’s offspring 
because animals adapted to eat that kind of plant will congregate there. 
For one thing the floor under the canopy will be frequently visited by cat- 
erpillars that fall or drop down from above, and these parasites of the 
canopy can be highly efficient predators of seedlings. A caterpillar may 
kill a seedling in a very few minutes, then wander on in quest of another. 
A second form of concentrated deadliness comes from insect seed 
predators which are programmed to hunt seeds of that particular species. 
Seeds falling under the parental canopy are concentrated, making a bold 
target for insects and a place where their populations can build up to an- 
nihilating proportions. Furthermore, the tree itself may attract such 
mobile predators as rodents, acting as a “‘flag”’ to show them a good place 
to hunt, as the “flag” on the fairway guides a golfer to the hole. These 
three agents of seed and seedling death; falling caterpillars, specific seed 
predators, and rodents attracted by the flag; are likely to make it impos- 
sible for young plants ever to grow in the shade of their parents on the 
floor of a tropical forest. The only young plants for which escape is pos- 
sible are those from seeds dispersed to a safe distance before the 
predators find them, probably by being carried away by birds or small 
mammals, then being left uneaten. The odds are thus heavily against any 
individual seed becoming a tree. 

Janzen’s argument is illustrated by the diagram in Figure 34.2. There is 
very little chance of a seed being dispersed far from the parent (curve /), 
but there is no chance at all of its developing into a tree unless it is dis- 
persed beyond a critical minimum distance (curve P). The product of the / 
and P curves shows at what distance the chances for growth to adulthood 
are best; the place represented by the peak of the population recruitment 
curve (PRC). Janzen (1970a) thus concludes that trees in mature 
tropical forests are only likely to be established at considerable and defi- 
nite distances from their parents. He suggests, in effect, that the disper- 
sion, and hence the population size of tropical tree species, is set by 
predation on the young; not by competion for space; not by limiting 
factors; but by the activities of herbivores. 

As described above, Janzen’s views are only to be called an hy- 
pothesis, although an attractive one. They are now in the process of being 
tested. Janzen (1970a, 1971) himself presents some suggestive data in 
support of the hypothesis. In Costa Rica he has been able to demonstrate 
both the deadliness to seedlings of caterpillars falling from above, and the 
efficiency and specificity of insect predators of seeds and seedlings. There 
really does seem to be a deadly zone under the canopies of Costa Rican 
trees as he postulated. But there is still the worry that the Costa Rican 


landscape is very disturbed by agriculture so that the dispersion of trees 
on which he worked is abnormal. Modern Costa Rica may be more a 
place for opportunists than for trees of mature rain forest. 

In favor of the hypothesis is the way it seems to explain the much lesser 
diversity of temperate forests. For in temperate forests there are not many 
species of climax trees, and individuals of each species do not live widely 
separated from each other as they do in rain forests. Instead, we find one 
or two dominant species, the individuals of which live side by side. If 
seed and seedling predators force tropical trees to be widely separated 
from their own kind, why do they not do the same in temperate forests? 
There are certainly plenty of caterpillars, seed-boring beetles, and rodents 
available in temperate forests. Janzen’s answer is that the populations of 
insect herbivores in places of strongly seasonal climate must fluctuate 
widely from year to year, as indeed we know they do. There must, 
therefore, be some years when the seed crop of temperate forest trees is 
spared, even under the parental canopy. When this happens a dense 
stand of young trees will grow under the parent, will soon be tall enough 
to escape the larger populations of predators in subsequent years, and 
will exclude other invading tree species by competition. The result is the 
familiar simple forests of the north with which the early students of plant 
communities began their studies. The hypothesis “that spacing of individ- 
ual trees of the same species is largely influenced by seed and seedling 
predation’ thus seems to be widely applicable. It explains not only the 
species richness of tropical forests but also the comparative poverty of 
temperate forests. And an essential corollary of the hypothesis is that 
many populations of forest trees are controlled by predation, not by com- 
petition or inanimate qualities of the habitat. 

It is well to remember that Janzen’s hypothesis has not yet been widely 
tested with field data, but the understanding of forests which it seems to 
give is so attractive that many ecologists suspect that further testing may 
well substantiate it. 
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It seems that plants, like animals, have populations that can be checked 
in many ways. Opportunists must find a place in which to live, and their 
numbers reflect both the incidence of such places and the effectiveness of 
their dispersing devices. But they must also compete with other slower 
dispersing plants, the equilibrium species. The numbers of both will, 
during this process, be affected by the classical components of density- 
dependence, the limiting resources of light, space, water, and nutrients. 
But all will be subject to being eaten. There should be between plant and 
herbivore all the range of relationships which we are finding between 
predators and animal prey. Disease and the weather must be working, 
too. Perhaps soon we shall find evidence for other built-in checks on 
plant numbers, evidence of the inevitable population consequences of 
social habits, of growing together or being dispersed. Plants do behave in 
different ways; shading out one another, inhibiting one another with root 
secretions, timing their flowering and the germination of their seeds to 
avoid seed predators. It is becoming respectable to talk of the ‘‘behavior”’ 
of plants. Recently, in a paper entitled ‘‘Reproductive Behavior in the Pas- 
sifloraceae,’” Janzen (1970b), described how some passion flowers, 
moved their stigmas in the early morning, first letting bees collect pollen, 
then raising the stigmas so that later bee visitors deposited pollen on 
them, There is much subtle behavior in plants. Perhaps some latter-day 
Wynne-Edwards will compile a synthesis of plant behavior pointing out 
the population consequences, and throwing down some general thesis of 
plant evolution to infuriate his colleagues and set them trying to prove 
him wrong. This would be a far cry from traditional plant ecology which 
has dealt in vegetation rather than numbers, perhaps missing the trees for 
the forest. 


Plagues of mice and other small rodents have been known throughout 
recorded history. The plagues come with little warning then vanish with 
less. In the Arctic these plagues are so frequent as to have discernible 
rhythm, and they provide data against which all hypotheses of popula- 
tion control can be tested. It seems likely that every imaginable mecha- 
nism for density-dependent restrictions on population can, in fact, be 
shown to occur. Predation, disease, damaging of resources, social 
behavior, adrenal stress; none of them can be ruled out, but also none 
alone are sufficient to explain the coming and the going of the plagues. 
A general hypothesis is possible, however, if we assume that although 
such agents commonly do greatly restrict, and even control, the popula- 
tion, accidents of weather sometimes allow these restraints to be es- 
caped for a time. The population becomes too large to be maintained 
indefinitely by the local resources and is forced to crowd in ways for 
which it is not adapted. Some combination of the customary restraints is 
then reasserted, and the population is reduced to a normal level. Histo- 
ties of plague animals reveal, what should anyway be intuitively obvi- 
ous, that no system of density-dependent control is likely to be so per- 
fect that the vagaries of the weather cannot sometimes overturn it. 
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Throughout recorded history agricultural man has at times been beset by 
plagues of mice. Our oldest book, the Hebrew bible, tells of such afflic- 
tions as visitations of God on the enemies of Israel. Since then there have 
been many desperate turns in the fates of nations as mouse hordes harried 
their crops. The mouse plague which ruined much of German agriculture 
in 1917 and 1918, together with the constricting blockade of the British 
fleet, probably did more to break the German will to fight than all the 
valor of the allied armies in France. And before then, too, it is likely that 
tides of battle have often been turned by lowly mice. 

The mice who mastered human events always appeared suddenly, 
wrought their mischief, and went. Suffering men have always tried to 
defend themselves. In recent years they have killed by poison, guns, or 
traps, or, as the Germans did in 1918, by seeking to spread disease 
among the rodents. In earlier times men could only offer prayer, or 
witchcraft, or curses. When ancient Philistia was afflicted by mice, the 
Philistine priests were induced to return the Arc of the Covenant and 
they placed in it golden images of “the mice that mar the land” [Samuel, 
| (5)6] as their hope for respite. All these efforts have had one thing in 
common, as E. S. Deevey (1958) points out. They all worked. Whatever 
men have done about a rodent plague, that plague has always gone 
away. It has also gone away if the men did nothing at all, revealing 
perhaps the most puzzling thing about these outbreaks; they apparently 
always end in mass death of the animals. The history of a mouse plague 
tells of a sudden spectacular increase in numbers, often over a huge ex- 
tent of country, and with at most one or two years’ warning that numbers 
were building up. For a season or two the mice rampage, destroying 
crops, and running about in the open. Then suddenly, quietly, most of 
them die. This is a sequence of events which must be explained by any 
general theory of population checks if that theory is to gain credibility. 

The first sudden massive increase in numbers is not hard to understand 
in simple biological terms. All species must be intrinsically capable of it, 
since all can leave far more offspring than are required to keep their 
numbers steady. Mice, which can produce several large litters a year, 
must be thought of as being always on the brink of stirring expansionist 
times. But they are usually checked. A mouse plague must start when 
some normal check on numbers is removed and, whatever the check is, it 
must be removed from the populations of very large stretches of country 
at the same time. Changes in weather seem indicated. It is, at least, a 
good first working hypothesis that some coincidence of favorable seasons 
allows the mice of large regions to breed over two or more generations 
with unusual success, and that the resulting hordes of offspring cause 
the plagues we see. The mice are thus to be thought of as opportunistic 
species, animals normally held unsteadily down by the almost endless 
vicissitudes of life. But then we must explain the mass deaths that follow. 
These must somehow be density dependent, or at least triggered by den- 
sity, since otherwise the plagues should oscillate away and not just 
vanish. A working hypothesis must look at all the proposed forms of 


density-induced death; of disease, starvation, predators, social intoler- 
ance, physiological shock, and perhaps even genetic changes in the 
crowded animals. 


The absorbing interest and enormous theoretical importance of mouse 
plagues to population theory were set down for ecologists by Charles 
Elton in one of the classics of scientific literature, a book published in 
1942 called Voles, Mice, and Lemmings. The book was the product of 
more than a decade of work, of years spent agreeably in archives of the 
ancient libraries of Europe tracking down eyewitness accounts of the 
great plagues of history, and of other years spent, no doubt just as 
agreeably, among the mice of harvests and of wilder places such as 
Labrador. Elton showed not only that mouse plagues were relatively 
common events over much of the world but that in the Arctic they were 
regular events possessed of an irruptive rhythm of their own. In the 
Arctic, a population theorist must explain not only the sudden onset and 
the even more sudden end to a mouse plague but also its cyclic occur- 
rence. 

Elton’s arctic data came from the records of those who had traded in 
the North for furs. The missions of the Moravian church and the Hudson’s 
Bay Company had been trading with natives in Canada for more than 100 
years, and they had kept careful records of their commerce. The main 
trade items were skins of predators; but the predators ate rodents so that 
the fur yield must give some indication of rodent populations. Two 
staples of the fur trade of those parts were skins of arctic fox (Alopex 
lagopus) and the Canadian lynx (Lynx lynx). The sales records of these 
skins revealed some extraordinary facts. About every four years there was 
a bumper crop of fox skins; and about every ten years there was a bumper 
crop of lynx skins. The fur industry was one of boom and bust, with the 
booms and busts following each other in regular rhythm ever since the 
records started more than 100 years before. The trapping was the same 
every year, so it must be the supply of animals which was changing. 
There were more foxes alive every fourth year than at other times. And 
likewise there were many more lynxes alive every tenth year than at other 
times. Why was this so? 

The trappers themselves knew the immediate cause of their booms and 
busts, and they had left records of their opinions in their diaries and 
reports to head office. They blamed the rodents on which the fur-bearing 
animals fed. Lynx and fox skins were collected in winter, when the 
animals carried their finest fur, and the winters of bumper harvests always 
followed summers of rodent plagues. Lynxes ate mostly arctic hares 
(Lepus arcticus), and reports of this animal being abundant always 
preceeded winters in which lynx hunters grew rich. Trappers actually 
collected hare pelts as well as lynx pelts, letting estimates of hare 
numbers and lynx fur yields to be plotted on a graph (Figure 35.1), an ex- 
ercise that leaves no doubts in anyone’s mind that the fates of the two 
populations were linked. 
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Population histories of lynx and snowshoe hare. These histories are compiled from the 
records of the Hudson’s Bay Company trading posts and represent skins traded. Since the 
trapping effort was the same each year, the fluctuations must mean that numbers of animals 
fluctuated by a proportionate amount. These are not coupled oscillations in the sense of the 
Lotka-Volterra models for the peaks of predator and prey numbers are synchronized. Predator 
populations are helplessly tied to prey populations. (Redrawn from MacLulich, 1937.) 


Arctic foxes did not often catch hares, but lived on mouselike animals, 
on voles and particularly on the various species of lemming. Every good 
fox winter followed a summer in which trapper’s diaries recorded that the 
tundra was alive with little brown mice. But the trappers noted the pres- 
ence of the mice only casually, and Elton wanted to be certain of his facts. 
So he went there himself to talk to the traders. His results left no doubt 
that the various mice, particularly the lemmings, were to blame. About 
every fourth year there was a plague of lemmings on the tundra, a popula- 
tion perhaps a thousand times as big as the populations of the lean years 
in between. After every summer in which the lemmings exploded so, 
there was a bumper crop of fox skins brought into the trading posts. Elton 
had shown that in the Arctic there were not only mouse plagues, as there 
were everywhere else, but that the plagues came and went in cycles. His 
evidence pointed to those cycles having existed for over 100 years, 
suggesting that they were virtually perpetual. 

When numbers of predators and prey fluctuate sharply there is bound 
to be a suspicion that what we see is a coupled oscillation between the 
two populations of the kind predicted by the Lotka-Volterra equations. 
Gause had tried to generate such oscillations by loosing the predator 
Didinium on his cultures of paramecia with but indifferent success. Might 
not the Arctic have staged things better? The foxes must surely take a terri- 
ble toll of the lemmings in their summer of maximum abundance; might 
not this toll have been the prime reason for the lemming’s sudden disap- 
pearance? And the foxes had help, for many other predators also waxed 
fat at the lemming tables; snowy owls, weasels, jaegers, hawks, and any- 


thing else that could eat a lemming. Might not these animals together 
succeed in overeating the lemmings every four years, only to run out of 
food, starve to death themselves, and thus give the lemmings respite to 
catch up? But, as Elton saw, this hypothesis could be quickly discounted. 
The arctic predator and prey populations were in phase. You either had 
lots of foxes and lemmings together or both were scarce. It seemed that, 
far from controlling their prey, the predators were helpless victims of its 
fluctuating supply. 

Elton was able to confirm this failure of the predators to control their 
prey with evidence from arctic Norway. For about a century the Nor- 
wegian government had paid bounties for predators of all kinds, in- 
cluding the foxes, hawks, and owls which preyed on Norwegian lem- 
mings. In places this system of bounties had been unpleasantly effective 
so that many fine beasts had become rare. Their numbers were always 
too low for them possibly to control the numbers of their prey, but Elton 
found that the numbers killed for bounty had gone up every four years 
just the same. The rare and harried beasts were yet not quite so rare in 
high lemming years as at other times. 

This left the rhythmic lemming plagues still to be explained. In the 
Norway of bounty hunters, the myriad individuals of a lemming year 
vanished before next summer, just as they did in lands which still had 
their predators. Obviously, predation could have some effect on lemming 
numbers, but it was not decisive. It is proper to look at the arctic predator 
populations from a different point of view, not as agents of control but as 
animals cursed with a food supply that fluctuates wildly. 


If trappers do not catch the foxes of a bumper year, what happens to 
them? We do not really know, but probably all biologists who have 
thought about it assume that most of them die of starvation when they 
cannot find any more lemmings to eat. But, if so, how are the favored few 
survivors chosen? And how can they be fed well enough to rear families 
while other foxes die for want of food? As far as | know, we do not have 
answers to this. 

The responses of two bird predators to these fluctuating crops of food 
are better known, and their study has well illustrated some of the checks 
that are constantly applied to natural populations. Snowy owls (Nyctea 
nyctea) respond to a tundra crawling with lemmings with a massive breed- 
ing effort (Pitelka et al., 1955) laying clutches of as many as ten eggs and 
rearing most of the young who hatch. They are prisoners of the evolu- 
tionary drive to rear the maximum number of offspring which the food 
energy supply allows. The result is that there are very many owls left to 
roam the tundra during the following winter, many too many for the 
dwindling food supply of vanishing lemmings. They wander far from a 
North which can no longer sustain them, and we see them in temperate 
countries as big white oddities. Perhaps most die there, suffering that 
density-dependent winter death which is relied on by theorists of the Lack 
school to explain the apparent stability of bird numbers. 
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Another predatory bird seems to take advantage of the lemmings with 
greater skill. This is the pomarine jaeger (Stercorarius pomarinus). The 
jaegers are big gulls, sea birds who spend most of their lives far out to sea 
feeding on the life of the ocean surface. But the pomarine jaegers breed in 
the Arctic, where they rear their young on lemmings. The adults probably 
live for many years, perhaps as many as a dozen years, so that they see 
two or more lemming cycles out. And every year in the spring some of 
them appear over the tundra. They have long been known to arctic travel- 
ers, perhaps principally for their engaging habit of dive-bombing any man 
who comes near their nests. But our understanding of their breeding 
behavior, like our understanding of many other things about the Arctic, 
awaited the construction of the Naval Arctic Research Laboratory at 
Barrow, Alaska. From there F. A. Pitelka and his students (1955) have 
studied lemmings, and the animals living with lemmings, for many years. 
They found that the pomerine jaegers set out and maintained territories 
on the tundra in ways which were closely comparable to the territories of 
the songbirds which Howard studied (Chapter 31). Each pair fed on the 
lemmings of its own chosen space, becoming intolerant of interlopers. In 
a summer of lemming abundance the jaeger nests would be close 
together, reflecting the small size of territory over which the birds must 
journey to catch the lemmings they needed. But if lemmings were scarce, 
as they usually were, only a few pairs of jaegers would nest, or none at 
all. The rest of the birds presumably came in from their ocean wan- 
derings, had a look at the tundra, were not stimulated to breed, and 
departed back to sea. It therefore seems almost certain that many pairs of 
jaegers are denied the chance to breed in low lemming years by not being 
able to find territories. In high lemming years, many more breed. But the 
normal adult jaeger life is so long that most may well have an opportunity 
to leave viable offspring before they die. 

The massive breeding effort which all the lemming predators seem to 
undertake in high lemming years suggests very strongly that their breed- 
ing in other years is checked by want of food for the young. For these 
animals the food supply in the breeding season is thus a strong regulating 
force. But the predators apparently do not reciprocate by controlling the 
numbers of the lemmings which they eat, and we are left with the ques- 
tion: What does? Why do lemming numbers fluctuate rhythmically so 
that they are a hundred times more numerous in some years than others? 


So violent an oscillation looks as if it ought to be coupled with something. 
Prey is not coupled with predator in the manner of Lotka-Volterra; very 
well, perhaps it is coupled with something else. Disease seems in- 
herently likely. Perhaps, as lemming populations mount, disease be- 
comes more and more prevalent until it becomes a serious epidemic. 
Most of the lemmings die. The disease, finding few animals left to infect, 
becomes rare, and scattered healthy lemmings are left to breed and start 
the cycle all over again. This was a good hypothesis because it was test- 
able. All you had to do was to visit the Arctic in a high lemming or other 


rodent year and look for signs of epidemic disease. This has now been 
done several times, but the results are inconclusive (Deevey, 1958; Elton, 
1942). Northern hares in the peak years may often be diseased, but 
MacLulick (1937), who found perhaps the strongest evidence, noted that 
different diseases seemed to operate in different years of decline. His find- 
ing does encourage the belief that crowded animals should be suspect to 
disease, but does not support the view that the oscillations in hare 
numbers were coupled with the spread of a disease organism. Evidence 
that the lemmings of peak years are diseased is so scanty as to suggest that 
epidemics may not usually be involved in the mass deaths. One of the 
most dramatic bits of evidence for this comes from the work of Charles 
Krebs (1964), who recently saw a whole four-year lemming cycle out in 
the Canadian North. He examined the bodies of 4000 lemmings that he 
trapped during the population die-off, generally finding that the animals 
were not only healthy but actually fat and sleek looking. Probably a 
prudent man should say that sometimes there may be epidemics among 
crowded lemmings, but that these are almost certainly not frequent 
enough to be a prime cause of the lemming cycles. 

Perhaps the lemming populations were coupled not with the things 
that ate them, predators and disease, but with the things they themselves 
ate. This hypothesis suggests that the lemmings at peak abundance so 
destroy their tundra food that they die of malnutrition. Only a few sur- 
vivors get through. The pressure is removed from the tundra which slowly 
recovers. As it does, the lemmings begin to have large families again, and 
soon they are so numerous as to destroy the tundra once more. This 
hypothesis has a very satisfactory and likely sound to it. It conforms well 
with our ideas of animal numbers in simple systems, escaping control by 
predators and disease, then building up until they destroy their range. 
Then they die, wretchedly, in the winter. A first difficulty with this 
hypothesis is that the lemmings crowd only part of their range. They do 
indeed eat down the tundra until there seem to be hardly any plants left, 
but Krebs (1964) found that only some 5 percent of the immediate area 
was affected. If the lemmings were starving why did they not move over a 
100 yards or so to find fresh forage? We know that they are animals that 
do move because of the famed lemming migrations of Norway. If they 
can walk miles and miles, why not a 100 yards in search of supper? But 
more serious still to the starvation hypothesis is the fact that you do not 
find starving lemmings. The lemmings which Krebs’ caught during the 
crash looked sleek and were quite definitely fat, a fact which led him and 
others to completely discount the food-supply hypothesis. 

All the same, the effect of lemmings at maximum abundance on their 
food supply is very strong. Anyone who has seen the scorched brown 
waste they leave behind, with even the roots of the grasses having some- 
times been torn up and devoured, cannot help being impressed that this 
damage must have something to do with the pending decline. | let my 
own judgement be influenced this way when | was first in the Arctic 
during a peak lemming year, the summer of 1965 at Barrow, Alaska. The 
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Figure 35.2 
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Correlation of phosphorus in forage with size of the lemming population at Point Barrow, 
Alaska. The curve represents phosphorus and the bars represent the relative sizes of the lem- 
ming populations in the summers of the several years. The phosphate content of forage ap- 
parently drops following a lemming high, suggesting that the mineral is then being cycled 
back to the soil. (Redrawn from Schultz, 1969.) 


tundra, which | remembered from other places and other years as 
tolerably green, was a bleak brown mat, obviously not capable of sup- 
porting much life. | put this viewpoint to Charles Krebs the next year 
when | was visiting Indiana University. A scholar’s evening was ruined by 
one of those impassioned arguments over Vietnam which recently so 
afflicted Academe, but | remembered the scorched tundra just as Krebs 
got up to leave, and called out to him, “I saw the lemming crash at 
Barrow last year and it was perfectly obvious to me that they had 
destroyed their range!” Krebs paused with his hand on the doorknob and 
said, “‘Paul, you just show me a starving lemming!’” And then he was 
gone. 

But there are more ways of dying of malnutrition than outright calorie 
deficiency. Suppose the damaged range left lemmings short of some min- 
eral or vitamin, or of protein? might not such a diet have led to some 
subtle symptoms that were overlooked in Krebs’ autopsies? or might it not 
interfere with their later breeding success? For this hypothesis to stand, 
two things must be shown; the impoverished quality of vegetation (as op- 
posed to its total supply) must be demonstrated, and this failure in quality 
must then be linked to the deaths of the lemmings. The first of these has 
now been demonstrated by the studies at Point Barrow (Pitelka, 1957; 
Mullen, 1968; Schultz, 1969). The overeaten vegetation of a high lem- 
ming year at Point Barrow has proportionately less protein, less calcium, 


and less phosphorus than at other years (Figure 35.2). But there is 
still no evidence which links this poor quality of the vegatation to either 
increased mortality of lemmings or to their failure to breed. There seems 
little doubt that the oscillations in lemming numbers at Barrow are ac- 
companied by oscillations in the nutrient cycles, with a major portion of 
the nutrient reservoir being held in living things during the lemming highs 
and this same portion flowing back to the plants via the soil during lem- 
ming lows, but there is no evidence at all that this shunting of the nu- 
trients controls or even triggers the rise and fall of lemming numbers. For 
most ecologists the starvation hypothesis, even in its modified food- 
quality form, must go the same way as the predator and disease hypothe- 
ses, Stresses of predation, disease, and hunger may all act on the popula- 
tion in density-dependent ways. Alone each form of mortality is not 
decisive, although there must remain a suspicion that in combination 
they might be. Which is where Elton left the discussion in 1940. There 
are, however, other matters to be considered. 


One particular oddity of the lemming cycles should, on the face of it, be a 
clue to their ultimate explanation. This is the synchroneity of events over 
enormous areas. The problem was not only one of why should there be a 
peak every 4 years but was also one of why should these populations os- 
cillate in phase over such tremendous spaces. The weather has always 
seemed implicated as a controlling agent. But there was the difficulty of 
the 4-year cycle and, of course, of the 10-year cycle of the hares which 
must also be met by a general hypothesis. Did the weather of the Arctic 
fluctuate with rhythms of 4 and 10 years, so that it either blessed the 
lemming’s conjugal efforts or alternately cut them down in their prime? 
For a time it did seem as if the hare cycle might be correlated by the 
famous sunspot cycle, but eventually the sunspots were shown to erupt 
every 11 years and the hares to show a more irregular period, the average 
of which was 10 years (Elton, 1942). So these events could not be 
correlated. Nobody has ever discovered anything like a 4-year weather 
cycle. And the problem is even worse than that, for the lemming plagues 
are a little irregular in their appearance. Sometimes they wait 5 years, 
sometimes even 6, so that the 4 years is only an average. The true mean 
between plagues is variously quoted as 3.3 or 3.7 years, and we know of 
no celestial events that might produce weather cycles so curiously un- 
related to terrestrial seasons. 

For many years we had to be content with hypotheses which suggested 
that vagaries of the seasons had gradually acted to bring cycles generated 
by other means into step with each other, but recently we have been 
shown how weather can indeed play a dynamic role in initiating cycles 
and in making them synchronous over considerable areas. D. A. Mullen 
(1968) studied the fortunes of the Point Barrow lemmings for 6 years. He 
concentrated his thoughts on what influenced breeding success. Lem- 
mings breed both in summer and in winter in burrows under the snow 
where they can live on last year’s roots. Pitelka (1957) had earlier 


489 

MOUSE PLAGUES AND THE 
FLUCTUATING NUMBERS 
OF ARCTIC ANIMALS 


THE ROLE OF 
WEATHER 


Figure 35.3 


+10°F 


-10°F 
M 
M 
Period of mean 
minimum daily 
temperature above 
32°F 
iM aia ae 
M 
| 
— 20°F pera crete pe 
| 


May June July August 


Deviations from the mean minimum daily temperatures in the spring at 
Point Barrow, Alaska. Mullen suggests that the “warm’’ snaps market 

a to e are Cues that bring the lemmings into breeding condition. The 
grey horizontal bars were the observed breeding periods. These 
ended at about the same time each year, the different lengths being set 
by the onset of breeding. A broad correlation of the onset of breeding 
pri spring “warm” snap is suggestive. (Redrawn from Mullen, 


concluded that much of the population increase could actually take place 
in winter, but Mullen found that the success of summer breeding was 
crucial to the rapid growth of a lemming population, as you might expect. 
In some summers, lemmings bred very well, so that each female reared a 
large litter to maturity, but in other years few young appeared, or else they 
died before they were full grown. Why was this? Mullen found what looks 
like a convincing answer in the history of the local weather. 

The Barrow summer is a short uncertain time of 6 or 7 weeks with tem- 
peratures above freezing most of the time. The end of this relatively 
benign period is set at about the same time each year by the frosts of fall, 
but its beginning may vary with errors measured in weeks. A successful 
breeding year for lemmings is one in which births are nicely timed for the 
beginning of a longish summer but, to do this, they must copulate on the 
right date in early spring. Mullen’s records (Figure 35.3) suggest rather 
strongly that there is usually a week or so in the spring of relatively mild 
weather, then another cold snap, and then what passes for summer. That 
first spring mild period seems to be used by the lemmings as an environ- 
mental cue, bringing them into physiological condition to breed. If this 
spring temperature cue comes late, as it often does, then the lemmings get 
off to a late start and have little chance of rearing their young in what 
summer is left after their birth. But if the cue is accurate, their large fami- 
lies are ready to face the winter. Two good breeding seasons must be all 
that is required to make the tundra come alive with lemmings. It seems 
that the odds are good that there will be two lucky seasons within a span 
of about 6 years. An averaging of this luck probably accounts for that 
average time of 4 years taken for the lemming populations to change from 
rarity to superabundance. 

Mullen’s weather hypothesis has certainly not been conclusively 
proved, but his correlations may be called strongly suggestive. The 
hypothesis seems to explain the curious synchroneity of Arctic events, for 
all the animals of broad regions could easily be living in the same air 
mass and so subject to the same environmental cues. 

Weather for breeding may account for synchroneity between popula- 
tions, and for the length of time needed by a population to get very large, 
but it does not explain the mass deaths that follow. We have tentatively 
explained how the hordes are born; now we must explain how they 
vanish. It may be that there is really no mystery here, that predators, 
disease, and winter starvation can usually combine to cull an excessive 
lemming crop. It is, for instance, particularly hard to know what is going 
on under the arctic snow in winter. But there remain the views of men 
like Krebs who have studied the lemmings and who have convinced 
themselves that the lemmings never starve, and there is still that awkward 
evidence collected by Elton to show that numbers can fluctuate even 
when predation is demonstrably negligible. And yet somehow the 
stresses of life in dense lemming populations must cause mass death. It is 
thus tempting to look for the cause in the social pressures of crowding, to 
call on the Christian hypothesis and the general adaptation syndrome. 


491 

MOUSE PLAGUES AND THE 
FLUCTUATING NUMBERS 
OF ARCTIC ANIMALS 


492 


THE NATURAL CHECKS 
ON NUMBERS 


LEMMINGS AND THE 
GENERAL ADAPTATION 
SYNDROME 


When John Christian first pointed out the implications of Selye’s general 
adaptation syndrome for population theory, it seemed at once that part of 
the problem of the lemming cycles was solved. Here was a crowd of 
animals, many of which died suddenly, mysteriously, and within a short 
time of each other. Moreover, there was plenty of reason to believe that 
lemmings behaved oddly in the weeks before they died. In the folklore of 
Norway are the tales of those intermittent years when the lemmings were 
“on the march.” They appeared in city streets, running about in the broad 
light of day. They were said to go mad and bite people. They were 
believed to make suicidal migrations, pouring down the Norwegian 
mountains like furry rivers, plunging to their deaths in the sea. This is ab- 
normal behavior for any animal, and the Christian hypothesis suggests 
that crowded animals become first deranged, then die. Those whom the 
gods would destroy they first make mad. If crowding lemmings to the 
point where the tundra became alive with them produced more stress 
than could be met by their hormone systems, then indeed we might ex- 
pect first madness and then death. 

The hypothesis of death from shock disease was testable. Christian had 
shown that rats and mice under stress had enlarged adrenal glands; 
therefore one must go North, collect dying lemmings, and examine their 
adrenals. When Charles Krebs set out on his 4-year study of lemmings in 
the Canadian North, part of his purpose was to test the hypothesis that 
mass death of lemmings was due to adrenal shock. He weighed the adre- 
nal glands of 4000 lemmings before he was through. And he found that 
adrenal weights did not vary with crowding. The adrenals of doomed 
lemmings at the crash seemed like the adrenals of lemmings living in the 
spaciousness of the intervening years. This was a suggestive finding, but it 
is well to remember that weighing a whole gland is a dangerously simple 
and inaccurate measure of hormone function. 

Krebs then went on to find more evidence which argued against the 
Christian hypothesis; he was able to cast doubt on the reality of the lem- 
ming madness which was supposed to precede death. In a high lemming 
year you did see lemmings running about all over the place, and there 
was no doubt that their populations did spread, even from high moun- 
tains to lowlands, as in Norway where they truly do advance down 
narrow valleys as populations grow on the slopes above. But there was no 
madness in this. The lemmings at their peak weré a hundred or more 
times as numerous as in other years. When once you had had a chance of 
seeing one lemming in 3 months, you now had an equal chance of seeing 
one everyday. This fact alone should account for the press reports of 
strange behavior. Just imagine what the gentlemen of the fourth estate 
would do with cat reports if the cat populations of New York or London 
were to multiply by 100 in the span of a single summer! The tales of 
suicidal acts were probably fables. Lemmings wandered awhile in spring, 
in years when they were rare as well as in years when they were 
common. In crowded years they might wander some more, as they 
undoubtedly do in Norwegian valleys, but the noticeable thing was that 


there were 100 times as many lemmings wandering. So you saw them. If 
a few got drowned, you saw them too. Krebs saw for himself how such 
tales could be multiplied into mass suicides when he saw altogether some 
50 on the ice of a frozen lake during the course of a day’s walk. The local 
press multiplied this to thousands in a mass march. Such a tale, already so 
multiplied at source, would become the migrations to the sea which we 
learned in childhood by the time it had passed through the hands of a few 
more raconteurs. No tale of mass suicide of lemmings had been verified 
by scientific witness, and Krebs could conclude that the lemming suicides 
and madness were just fiction. 

With madness discounted, and with lemming adrenals always of 
normal size, Krebs felt he could dismiss the Christian hypothesis like all 
those other hypotheses that had gone before it. There could not be many 
hypotheses left, but Krebs produced another alternative, one which had 
originally been put forward by Chitty (1958) for voles. He suggested that 
there were two strains of lemmings; good fighters who were poor 
breeders, and good breeders who were poor fighters. When lemmings 
were very numerous there should be much fighting, for the animals 
would be bumping into each other all the time. Perhaps only males who 
were fighting bullies should be able to win females for themselves and 
mate. Nearly all families would then be sired by fighters. But the qualities 
leading to fighting success, whether genetically or culturally derived, 
should, on the Chitty hypothesis, also lead to young who could not live to 
adulthood. Hence the mass death that followed crowds. The fighters were 
at once almost eliminated from the population. Now the meek could 
mate. These produced fine viable babies, and the population began to 
build up once more. This was an ingenious hypothesis to explain lemming 
cycles when all other hypotheses had failed. There was, however, no evi- 
dence to support it. Nor was it easy to see how it could be tested; and an 
untestable hypothesis is a poor vessel in which to trust your faith. Few 
ecologists were prepared to believe that Krebs was right. 

Meanwhile, evidence supporting the Christian hypothesis after all had 
come to light. R. V. Andrews (1968) had taken advantage of the labora- 
tory at Point Barrow to pursue his own studies on lemmings. He ap- 
proached the problem not as a population man, but as a physiologist. He, 
too, tested for signs of the general adaptation syndrome, but by the 
methods of clinical physiology. He caught live lemmings all through the 
lemming cycle, then kept them in comfortable cages until they should 
have recovered from the shock of capture. Then he killed them, immedi- 
ately removed their adrenals by aseptic surgical procedure, and main- 
tained the glands in physiological culture. He then monitored the daily 
output of adrenocorticotrophic hormone (ACTH) from these cultured 
glands. The glands from lemmings killed during the year of maximum 
abundance produced daily many times the amount of ACTH that the 
glands of other years produced. This was a practical demonstration that 
the syndrome of adrenal shock was, indeed, present. Krebs’ method of 
Weighing the glands on autopsy had clearly been too crude to detect the 
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increased adrenal output. The Christian hypothesis that crowded lem- 
mings suffered adrenal stress could again be allowed, although there was 
certainly still no proof that overcompensation for stress led to shock 
disease in lemmings. 


A general explanation for lemming cycles may perhaps go like this. The 
normal state of lemmings is comparative rarity. They live and breed ina 
harsh environment. The winter is long, and very cold, but the lemmings 
seem to manage well enough living in burrows under the snow. They 
breed under the snow, escape predators there, and have food there, 
provided the range was not too damaged during the previous summer. 
But the main breeding effort is in summer, and it is in summer, strangely, 
that they face their greatest hazard. The summer is short; its duration is 
unpredictable. The lemmings must time their copulation so that the 
babies are born as near as possible to the first day of summer or there will 
not be time for them to grow large before winter. A temperature period in 
the spring is used as a cue for copulation. One effect of this is that breed- 
ing is synchronized over very large areas. If the temperature cue comes 
late, many families perish at the onset of winter, for they are not large 
enough or fat enough to see the winter through. In addition to this hazard, 
hawks and owls and foxes harry the lemmings. Local populations can just 
maintain themselves against these hazards, but the hazards are very real 
and local extinction may well be common. In all this, lemmings conform 
to the idea of opportunistic species, and they have that other essential 
characteristic of opportunists, the ability to disperse. There is wandering 
in the spring, perhaps particularly as a result of social pressures in popula- 
tions that are denser than others. Local extinctions are made good by 
migrations. The lemmings get by from year to year, suffering numerous 
catastrophes, but surviving as species because they occupy large ranges 
and can disperse well. There are density-dependent pressures on popula- 
tions, perhaps particularly introduced by highly mobile and territorial 
bird predators, but these pressures are unimportant compared with recur- 
rent failures of summer breeding caused by unpredictable weather. 

But sometimes the timing of births in the spring may be well done, and 
the lemmings of huge areas successfully rear large families. Predators 
thrive, and rear large families themselves, providing a density-dependent 
check on lemming expansion. But this check is not enough to prevent 
numerous lemmings entering winter with a good chance of survival. They 
go on multiplying under the snow, producing a middle-level lemming 
population for the breeding effort next spring. If the copulation cue again 
turns out to be good, then a second successful breeding season follows 
and we see the effects of exponential growth in animals with large fami- 
lies. A poor breeding year may yet let the population enter another winter 
at middling levels, ready for a second chance at timing its breeding 
season well. And so on. A couple of good breeding years, not necessarily 
side by side, are probably all that are required to produce a lemming 


high. This could happen in just 2 years; or it might take 6 or 7. The long- 
term average seems to be 3.3 or 3.7 years, or something like that. 

As the lemming populations swell to their peak, the predators multiply; 
some disease may well appear; the lemmings begin to destroy their 
range; they are intolerant of low status animals, which must wander, 
down into Norwegian valleys or on the drift ice to drown at sea. All these 
things represent density-dependent death, and they must collectively take 
a tremendous toll. Perhaps sometimes they are sufficient to hold back the 
lemming rise a season or two; this we do not know. But eventually, on an 
average every 4 years, these density-dependent checks are not sufficient 
to prevent the lemmings multiplying a hundredfold. Then the lemmings 
are densely crowded. Particularly dense local populations may so attract 
predatory birds that they are wiped out, as Pitelka (1957) thinks some- 
times happens at Barrow. If this does not happen there might yet be an 
epidemic. And if that does not happen they may so impoverish the range 
that insufficient food will be left under the winter’s snow to see them 
through to next spring. But one thing is certain; the productivity of the 
land is such that very large lemming populations cannot be maintained. It 
follows that lemmings cannot be adapted to persist at these densities. If 
some normal catastrophe does not carry them off, there must be crowd- 
ing of a kind which is not allowed for in their social behavior. Not only 
are the animals harried and hungry, but they suffer social stress as well. 
They overload the protective devices of the general adaptation syndrome, 
and they die. There are just a few survivors to overwinter and begin 
another year of normal lemming rarity. The jaegers and the owls depart. 
The foxes and the weasels starve. The tundra grows up green again. And 
the journalists turn to embroidering other tales. 

The main parts of this explanation can be used to explain other rodent 
plagues. A general quality of mice, voles, rats, and other plague rodents is 
that they all have large families. They are all capable of increasing their 
populations a hundredfold in time spans easily measured in months. All 
that is required for them to do so is the lifting of some prevailing check. 
The animals are all such short-lived creatures that the vagaries of succes- 
sive winters, or other hard times of the year, are met by different genera- 
tions. The size of each generation is thus necessarily influenced by the 
weather at its birth, and the resulting fluctuations may be much too wide 
for density-dependent factors to contain. Sometimes the population 
grows so remarkably that we see the results as a plague. But the rodent 
habitat cannot support plague numbers for long, and so the animals are 
Not adapted to living in such numbers. The physiological basis of their 
social behavior breaks down, and most of the animals die of stress. 

Perhaps the most important general thought to emerge from nearly half 
a century of study of rodent numbers is that all hypotheses of population 
checks are applicable. Any imaginable agent of density-dependent death 
is probably truly at work, killing in its density-dependent way. But when 
systems are simple, they may be so unstable that density-dependent con- 
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straints are evaded. And all behavior has population consequences. 
These consequences must usually be to maximize the breeding effort, for 
such will be strongly reinforced by the mechanism of natural selection. 
But other behavior, such as territoriality, confers its advantages in other 
ways so that the secondary consequences of checking population growth 
are preserved. 

Over all these pressures hangs the brooding uncertainty of the weather. 
There are seasonal good times and bad times to which all organisms must 
adapt. Both efforts to increase, and checks on numbers, change rhyth- 
mically with the changing seasons, affording constantly recurring 
chances for populations to escape their restraints. And as if these regular 
changes in seasons were not enough, there remains that wonderful ele- 
ment of the unexpected in the weather of any place, the age-old provider 
of variety in the lives of animals no less than in the affairs of men. This un- 
certainty means that no number will remain indefinitely in balance. 


Much of the understanding of nature which ecologists have reached has 
come from realizing that the true limit to the activities of living things is 
set by the supply of energy. It has been tempting, therefore, to conclude 
that all local populations must grow until all the potential food-energy 
available to their way of life is being used. But this way of looking at 
populations implicitly assumes that every kind of animal and plant has 
been designed only as an energy-getting machine, when in fact evolu- 
tion works not as a process of design but by selecting from the limited 
array of designs already available. The chosen design will be that which 
survives hazard to leave the most offspring. This requirement may be 
met in many ways, only one of which is that of making the most efficient 
energy converter. Many social habits, for instance, are preserved by 
selection because they help individuals breed even though different 
strategies might seem to allow more food to the species in the short 
term. Evolution plays for safety, and greed for food-energy, which is 
also fostered by natural selection, must often take second place. It 
follows that any general theory of population regulation which sees 
numbers as being set only by a struggle for food-energy must be false. It 
is also false to assume that plants, or different kinds of animals feeding 
in a particular way, must therefore be regulated to some common pat- 
tern. Each trophic level is not subjected toa characteristic kind of popu- 
lation restraint. Instead of looking for general mechanisms of popula- 
tion control which should be applicable to particular ways of feeding, 
we should look for patterns common to habitats presenting similar phys- 
ical hazards, or to family groups of plants and animals which have per- 
force had to adapt to hazard from common engineering plans. 
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“A struggle for existence inevitably follows from the high rate at 
which all organic beings tend to increase. Every being, which during 
its natural lifetime produces several eggs or seeds, must suffer 
destruction during some period of its life, and during some season or 
occasional year, otherwise, on the principle of geometrical increase, 
its numbers would quickly become so inordinately great that no 
country could support the product. Hence, as more individuals are 
produced than can possibly survive, there must in every case be a 
struggle for existence, either one individual with another of the same 
species, or with the individuals of distinct species, or with the physi- 
cal conditions of life.” 

From Chapter 3, The Origin of Species. 


In that passage of the Origin, Darwin succinctly stated the facts of the 
regulation of numbers. There must be checks, drastic checks which effect 
great destruction. So much is decreed by physical laws. But it does not 
matter to physical laws what these checks may be. Anything that kills will 
do, whether it is a losing contest for food, the jaws of an enemy, or the 
hostility of the inanimate world. The studies of a 100 years have amply 
illustrated Darwin's words. Plants struggle for the food of light, and many 
of their populations must be curtailed by the success with which the local 
dominants take that light. The effective working of the exclusion princi- 
ple, with its accent on feeding structures and feeding behavior of animals 
tells of the widespread effectiveness of a struggle among allies for food. 
The work of pest-control men has shown how astonishingly effective 
some insect predators can be at curbing the expansion of prey popula- 
tions. Herbivorous insects, like the caterpillars that slew the prickly pears, 
can likewise be devastatingly efficient, effecting great destruction on the 
populations of their food plants. And exceptional weather can kill 
Australian grasshoppers or English herons, and can decide in which 
winter crowded deer must die. 

But the intent of ecology has been more than to provide examples to 
illustrate Darwin’s work. We have wanted to arrive at a general theory, to 
make a model that should be appropriate for the growths of all popula- 
tions, and to see that this model is consistent with the mechanism of 
speciation itself. Many have asked themselves, as did Darwin before 
them, what is the ultimate thing for which all living beings must struggle? 
And the answer has seemed surely to be “energy,” “food energy.” The 
laws of physics, the concept of the ecosystem, common sense, have all 
allied in suggesting that populations should normally grow to the limit set 
by the supply of energy. And what we know of the mechanism of evolu- 
tion has also encouraged this belief. Selection favors him who leaves most 
offspring, and he who leaves most offspring is generally he who gets most 
food. Any habit or adaptation that interferes with an individual’s leaving 
the maximum possible number of offspring must be ruthlessly suppressed 
by the process of selection. Population regulation, therefore, has come to 
be seen as a process of sharing out energy. If a population is not itself 


limited by struggles for food, then it is limited by predators who struggle 
to eat it, who are themselves struggling for food. Compared with these 
struggles after energy, even the hazards of the physical conditions of life, 
of death by storm and death by drought, are to be taken as no’more than 
irregular perturbations of normalcy. That (Andrewartha and Birch not- 
withstanding) | take to be the prevailing consensus of ecology. 

But there is an error in this train of reasoning, a misunderstanding of 
what is possible for selection. Selection is a process of choice; it choses 
from among individuals those which are best adapted to avoid the haz- 
ards of life at that time and place. But every choice has many effects, and 
many of the effects will reduce the individual’s chances of getting food 
energy. A better choice would be to select only individuals which survive 
and have an enhanced food-getting ability, but such a superchoice 
cannot often be available to selection. Natural selection, like a politician, 
is an architect of the possible. It can only chose from what is available, 
not what is theoretically desirable. Reconsideration of some examples 
should make clear the overriding effect that this has had in practice. 

The best-studied example is that of territorial behavior in birds. There 
can be little doubt that the territorial mechanism ensures marriage, that it 
promotes survival by promoting mating and the rearing of young. Individ- 
uals without the necessary territorial traits would never leave offspring at 
all, so that the selection pressures preserving the behavior must be very 
strong indeed, But the behavior has many effects, absolutely unavoidable 
effects. Singing territorial birds, for instance, are heard, and aggressive 
territorial birds are seen. It would be remarkable if these spring habits did 
not sometimes make the stalk easier for a predator. Many birds even have 
conspicuous colors in the spring, colors dangerous enough to their exis- 
tence apparently for selection to have seen to it that the colors are lost 
when the breeding season is over. But in the spring these dangerous 
things must be tolerated. It would be so convenient if a bird could still 
have its territorial behavior and be as inconspicuous as at other times of 
the year. But this is not in the realms of the possible. Selection preserves 
the appurtenances of territorial behavior in order that the birds may breed 
atall, and accepts the side effect of some being killed because of it. It has 
made a politician’s choice. And another effect of territorial behavior is 
that populations are not allowed to grow above the minimum territory 
size needed to preserve the behavior. Limits are set to the population asa 
second-order effect of traits selected for, as part of the politician’s choice, 
as side effects. And energy is left unused, to become the property of other 
birds or of decomposers. 

Every choice made by selection to fashion an animal or plant must 
have a population effect. The social hierarchies, so important to things 
such as mice and muskrats, mean that low-status animals are often cast 
out to be eaten by predators. This often limits populations; a pity to waste 
some good muskrat food, but much better than losing that vital social 
behavior. Baby wildebeests run by their mother’s sides within minutes of 
being born, for if they do not they will be killed. They must then keep run- 
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ning with their mothers or die. Natural selection has made the typical wil- 
debeest baby just as good at running by mother as wildebeest engineering 
will allow. Yet, as the herds become denser, more and more babies 
become separated from mother, and are doomed to the vultures. The wil- 
debeest populations are regulated by this density-dependent death of 
babies, perhaps being kept well below the carrying capacity of the range 
(this we do not know). But the way of wildebeest life makes such density- 
dependent death of babies inevitable. It is not selected for. It is just an ef- 
fect, an accidental parameter of the wildebeest niche. To expect selection 
to find a superwildebeest which can do everything that an ordinary wil- 
debeest does, and still not lose some babies, is asking the impossible. 

In Wynne-Edwards’ treatise on animal dispersion is a splendid collec- 
tion of behavioral traits in animals which seemed to him to have popula- 
tion consequences. | suggest that he is right in this. But this does not mean 
that the traits have been preserved by selection because of their popula- 
tion consequences. Every trait must have a population consequence, and 
many will involve foregoing food energy in order that a viable population 
will survive. And this kind of choice, accepting the loss of energy to avoid 
hazard, can be seen in plants, too. Consider the deciduous tree which 
sets its leaves late in the spring. It wastes a week or two of good spring 
sunlight, but it avoids the hazard of frost. It is better to be safe than 
greedy. 

The world is a place of recurrent hazard, a place where many agents 
are ever ready to wreack great destruction. Since all living beings must be 
adapted to avoid these hazards as well as may be, they probably all have 
acquired traits which force them to surrender energy which they might 
otherwise have. Furthermore, many organisms are bisexual. Not only 
must they avoid hazards, they must mate. The selection which ensures 
that they mate without fail must often produce results which would be 
bizarre if the only function of living things was to pursue food. For these 
reasons a universal model of population regulation based on a struggle 
for energy is bound to be false. Some organisms are limited by food, 
others are not. 

One attempt at a general synthesis, by Hairston, Smith, and Slobodkin 
(1960), has considered animals and plants trophic level by trophic level. 
The decomposers are considered first. These apparently always consume 
all the food available to them, because every year organic matter is Ox- 
idized at a rate that almost exactly balances the rate at which it is 
produced by photosynthesis. The decomposers complete the carbon 
cycle, and therefore use up all their food. It follows that their population 
as a whole trophic level is limited by food energy and must be set by 
competition for food. This is true, but quite uninteresting. All that it means 
is that there are in every ecosystem some ultimate scavengers that clean 
up after the rest and are limited by food. A few species of bacteria alone 
could competitively do the cleaning up. It is not true to say that all decom- 
posers and scavengers are limited by food, that, because some among 
them must be, all flesh maggots, fungi, protozoans, vultures, and even 


bacteria are resource limited. Decomposers, like other organisms, are 
limited by weather, or things which eat them, or second-order effects of 
their own behavior, or sometimes, and perhaps even often, food. 

The argument then considers plants, accepts the “green earth’’ argu- 
ment as evidence that plants are seldom controlled by animals which eat 
them (Chapter 27), and concludes that the numbers of plants must be set 
by resources, by space, water, nutrients, and light. So both decomposers 
and primary producers (plants), as whole trophic levels, are thought to be 
resource limited. Herbivores come next. These cannot be resource 
limited, because their resources are plants and the claim has already been 
made, in the green earth argument, that plants are not limited by grazing. 
But something must keep the herbivores down. Of the two obvious can- 
didates, weather and predators, Hairston, Smith, and Slobodkin prefer 
predators, because predators have been known to limit herbivores some- 
times. So herbivores, as a whole trophic level, are limited by predators, 
and predators, as a whole trophic level, are limited by resources (the her- 
bivores they can catch). We now have the comfortable statement that 
decomposers and plants are limited by resources, that herbivores are 
limited by things for which they are a resource, and that the highest tro- 
phic level, the predators, are again limited by resources. 

These conclusions, of course, disregard much evidence that real 
animals and plants are controlled in ways quite unlike those assigned to 
them by the scheme. Many herbivorous insects have been shown to be 
controlled by their food after all (not by predators), as Harper’s papers 
have reminded us and as Darwin noted in the Origin. Other insects are 
indeed controlled by weather. Larger herbivores, like muskrats, lem- 
mings, and wildebeests, are often not controlled by predators either. And 
predatory animals, such as insectivorous birds, often have populations 
regulated as inescapable consequences of their behavior, not by some 
absolute measure of their food resources. 

Probably the greatest flaw in the logic that led to these conclusions was 
the inference drawn from the fact that the earth is apparently always cov- 
ered with plants. Hairston, Smith, and Slobodkin borrowed the essence of 
the green earth argument from Andrewartha and Birch (Chapter 27), actu- 
ally saying that the earth was “green.” But it is not green, it is brown. 
Even granting that the earth’s browness yet provides for as much plant 
cover as simple limiting factors of its habitats allow, this does not mean, 
as Hairston, Smith, and Slobodkin assumed, and as Andrewartha and 
Birch assumed before them, that herbivores are unable to run out of food. 
Itsimply reflects the fact that much plant tissue is uneatable, and that the 
remaining parts which are eatable can be speedily replaced. The plant 
way of life is provided with effectively boundless energy. This gives the 
plants an unswampable repair force. The herbivores are like an army at- 
tacking a fortified enemy who has an unlimited supply of instant reserves. 
The total position cannot be won. The only effect the attackers have is to 
promote turnover in the defenders. But this turnover is enormously im- 
Portant for the regulation of life on earth. As one herbivore attack is 
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pressed home, so the species of plant defender may be changed. The 
response may be swift, as in such games of hide-and-seek as are played 
across Australia between the prickly pear and the introduced moth which 
hunts it. Or it may be slower, as when seed and seedling predators deny 
space near a tropical tree to its own descendents. The many herbivores 
who live in such ways are limited by their food resources. And their 
quarries, doubtless contributing a significant portion of what greenness 
there is to the earth, are, strange to say, limited by a sort of predation. 

It perhaps remains true that much terrestial vegetation is resource 
limited as a whole trophic level since the overall greenness of any part of 
the earth is commonly set by the water supply and other limiting factors. 
This is as uninteresting as the similar statement that decomposers are 
resource limited. But it is important to notice that there is no valid reason 
for saying that the species populations of plants are resource limited. And 
when applied to animal trophic levels the logic fails completely. Her- 
bivores may be resource limited, as described above, or they may not. 
They may also be limited by predation, as are many tropical insects 
(Chapter 29) and as Hairston, Smith, and Slobodkin claim. Or they may 
be controlled by weather, or by losing babies like the Wildebeests, or in 
other ways. The accent on predation in the Hairston, Smith, and Slo- 
bodkin model was partly influenced by the Kaibab deer story, which they 
had no reason to doubt, and by the suspect belief that all irruptions of in- 
sect pests were the result of introductions of herbivores without their 
predators (Chapter 29). 

It should be clear that animals of all trophic levels, and plants as well, 
may be limited in a great variety of ways, and that the claims for different 
mechanisms prevailing in different trophic levels are mistaken. The living 
beings of all trophic levels are broadly limited by available resources, but 
the sizes of actual species populations in each level may be set in many 
ways. The same family of checks is applied in every trophic level. It is im- 
portant to stress this because the paper by Hairston, Smith, and Slobodkin 
(1960) putting forward the trophic-level idea has been widely reprinted in 
books of readings, and its appealing, if fallacious, logic followed by many 
students. 

But if a general theory cannot be built up, trophic level by trophic level, 
what better tactics can we use instead? The answer probably lies in iden- 
tifying places on the earth in which particular sorts of checks might be 
prevalent. In seasonal or unpredictable climates, accidents of weather are 
likely, providing fluctuating resources for all and minimizing controls 
which act precisely. In parts of the tropics with stable climates, checks by 
predation will be more important. The moving waters of the oceans force 
small sizes on plants allowing special relationships with the animals 
which eat them. And so on. We must begin with each environment, 
noting the kinds of destruction that it promotes and the life-styles it forces 
on the local inhabitants. The local agents of destruction and the local life- 
— between them then decree what sorts of checks shall apply to pop- 
ulations. 


Each kind of environment may perhaps best be thought of in terms of its 
special hazards. The hazards will not only be killers, invoking their own 
brutal controls, but they will also determine the most notable adaptations 
of the living beings of that time and place. These adaptations, in turn, will 
necessarily have population consequences. And the adaptations possible 
will also be some function of the kinds of things that live there, for an in- 
sect, with its short life cycle must adapt to environmental hazard in ways 
quite different from a long-lived vertebrate. Likewise, an insect predator, 
one of a numerous flying horde, searching in patterns of meticulous 
thoroughness, killing each victim found with virtual complete certainty, 
does not adapt to hazard, or represent the same hazard to its prey, as a 
stalking tiger, which may wander far without finding, which may often at- 
tack without being able to kill. The actual numbers of all animals of plants 
of a place must thus depend on the actual chances of disaster that make 
up the history of local physical conditions of life, and the types of animals 
and plants available to live there. 

A realistic model of the numbers of living things must start with the 
local habitat, must describe the vagaries in it’s structure and the vagaries 
of events. These qualities of habitats can be mimicked with a computer, 
treating the area as a grid and the passage of time as a series of slices, as 
Holling did in his models of predation. Any one kind of animal, any one 
engineering plan of animal that is to say, can only meet these vagaries of 
habitat in certain ways. These ways can be mimicked by hypothesis, 
model, and experimental test, again as Holling has shown us to do. The 
adaptations themselves will have second-order population con- 
sequences, as do the territorial adaptations of birds. These can be 
represented by additive terms in a computer model. Finally, each succes- 
sive organism represents extra hazards to those already there, whether as 
predator, competitor, or blundering obstructionist. Each one of these ef- 
fects of other animals will evoke counter adaptations, but only if such 
counter adaptations are engineering possibilities, and only if they are not 
ruled out by some politician’s choice of the possible over the desirable 
which selection is forced to make. Following on these lines, it should be 
possible to make both conceptual and practical models of individual 
ecosystems which should successfully describe the numbers of animals 
and plants that live there. 

The ultimate keys to understanding numbers are the hazards and the 
physical parameters that delimit and “design” ecosystems. The great air 
mass boundaries that divide the land surface of the earth into huge areal 
systems set different rules, each to its own section of the earth. Within 
each of these great formation-ecosystems different kinds of animals and 
plants live, or at least different proportions of the commonly available 
kinds; more reptiles and insects under tropical air masses, high propor- 
tions of migratory birds under temperate air masses, and so on. Animals 
and plants adapt to the conditions of air mass and latitude in the ways 
Possible to them, and these adaptations have their own second-order ef- 
fects. Within each formation-ecosystem are other ecosystems, the keys to 
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whose understanding are again the local physical conditions of life. The 
actual numbers of plants and animals on earth is set by the range in the 
physical conditions of life on earth, and the extent to which it has been 
possible to adapt a limited variety of life-forms to meet the hazards of 
these physical conditions of life. 

A second part of the understanding is perhaps that different phyla and 
different sizes of plants and animals are prone to be controlled in particu- 
lar ways. Vertebrates adapt to hazard in ways that may have profound 
consequences to their own populations, but insects adapt less well, so 
that the first-order effects of death by accident, starvation, or being eaten 
are commoner for them. These phyletic differences are more important 
than differences of trophic level. 


Men once lived precarious lives as gatherers or top carnivores. They had 
to find food that wandered and, having found it, kill it. They lived like 
parties of lions, in wandering bands. They probably starved often enough, 
or lost their children through hunger, thus being largely food limited. 
Then they took to agriculture and became more numerous. Their popula- 
tions grew because they were achieving cultural adaptations that enabled 
them to avoid hazard at the same time that their herbivorous tastes were 
granting them more energy. Now they could store grain to avoid winter 
starvation, and irrigate lands to avoid the hazards of drought. These adap- 
tations did not generally hold second-order consequences that should 
restrict populations, and their populations went on growing. 

But a number of human cultural adaptations did have some population 
effects. Men took to living in cities, which was adaptive because it helped 
organize agrarian societies and trade. But city life promoted the spread of 
disease, and this surely slowed the overall growth of population. As birds 
tolerate the population effects of territories, so men tolerated the popula- 
tion effects of cities. For both, the adaptive advantage of the behavior 
outweighed the resulting loss of population. 

Some societies of men engaged in vendettas, in tribal warfare, and in 
headhunting. The advantage of these traits to the societies who had them 
were probably social cohesion and preserving space for the tribe. These 
advantages alone should be sufficient for survival of the traits. But tribal 
warfare and headhunting obviously have the second-order effects of 
slowing population growth. 

And some human societies seem to have developed awareness that 
their numbers must be kept down for the common good. They often killed 
some of their babies, particularly female babies. And many more SO- 
cieties seem to have had a semiconscious understanding of the needs for 
birth control. They made difficulties for young lovers. They engineered 
elaborate, and sometimes fatal, ordeals that must be undergone at 
puberty or before marriage. They practiced dangerous circumcisions. 
Some populations may well have kept their numbers roughly constant for 
many successive human generations by such means. 


These various traits, of tribal warfare, infanticide, and barbarous cir- 
cumcision have mostly been abolished. And good riddance. Now we 
have even abolished some of the epidemic diseases that were the second- 
order consequence of living in cities. And good riddance to them too. But 
our population, accordingly, is growing fast. If we elect to allow our pop- 
ulation to go on growing, as all the nations of the earth have so far 
chosen, the very best we can hope for is an equilibrium set by the food 
supply. There would then be a society of the greatest misery for the 
greatest number, with every wretched couple rebelliously raising the two 
anda bit children of our replacement rate. But | doubt if anyone who has 
thought carefully about the implications of crowding people more and 
more believes that modern civilizations can survive the process until the 
food-supply limit is reached. A more likely future than the food-supply 
equilibrium is war and the disintegration of order. Once order and law 
disappear before the pressures of wretched crowds, the ancient restraints 
can return. Famine, pestilence, and human brutality will then reimpose 
their traditional checks. 

But more likely still is a world of mixed nations, some returned to war 
and barbarism and others who have taken the decision of the two-child 
family, but too late. Anarchy might then confront regimentation. The na- 
tions who accept restraints at the eleventh hour will avoid anarchy at the 
price of disciplining their people to accept small shares of what their 
country provides. Free societies are then replaced by communes in which 
the ways of life of all are narrowly restricted by law. 
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One of the outcomes of evolution which an ecologist must explain is 
that some kinds of animal and plant are common whereas other kinds 
are rare. That some species are, indeed, much commoner than others 
has been amply confirmed by census of breeding birds, collecting moths 
at light traps, counting diatoms that fall on glass slides, and so on. More- 
over these census data reveal that there is a pattern to commonness and 
rarity, for relative abundance seems to follow the mathematical form 
known as a log-normal distribution. Many data in the botanical litera- 
ture describing the frequency with which different kinds of plants occur 
in quadrat samples are also explained if plants are distributed log-nor- 
mally. Log-normal distributions are known to statisticians to result when 
a number of random processes are superimposed. The log-normal dis- 
tribution of species which results in commonness and rarity presumably 
reflects random qualities in the environment in which the species have 
evolved. Because the environmental stage is made up of different 
Patches in random array, and because all these patches are subject to 
accidents that may also be random, the evolutionary play has resulted in 
the log-normal distribution of commonness and rarity which we see. 
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Some species are common and some species are rare. This is another of 
those familiar observations of naturalists which is so well-known as to 
seem unremarkable. But it is a little odd, all the same. Why should some 
species be so much more common than others? For there is no doubt that, 
in any one place, a few things are common whereas many more are rare. 
Specialists in every group of animals and plants the world over have com- 
piled long species lists, noting as they did so the relative abundance of 
each species, or actually making counts of individuals. And always they 
have found that a few common species make up the bulk of the collec- 
tions whereas many more are caught or seen only once or twice. Why 
should this be? 

An analysis of species abundance and diversity has to begin with data 
on samples. We have accounts of how many birds were seen in a day, or 
of how many could be counted in a small plot of land; of how many 
plants there were in 25 one-meter quadrats; of how many insects were 
caught in a trap set for so many days or weeks or years, and so on. Such 
data always reveal very clearly that the common things are indeed 
common and most of the rest disproportionately rare. A light trap was set 
for moths in Maine and kept running for 4 years (Dirks, 1937). Every moth 
that came was killed, identified, and counted, giving a final grand total of 
56,131 specimens. More than 40,000 of these belonged to just six 
species, but the total number of species which came to the trap in those 4 
years was 349. Forty-two of these species sent only a single individual 
into the trap. This suggests that common moths may be at least 10,000 
times as common as rare moths, truly a startling difference that needs to 
be explained. But there must be, at the outset, some worry about how 
these data were collected. A light trap does not sample the population at 
random; what it samples is just those moths that fly to light traps, and 
even these presumably in proportion to their predisposition to fly to 
lights. Perhaps the moths called ‘‘common” in that Maine survey were 
10,000 times more attracted to light than those called ‘rare,’ and not 
really commoner at all. This sort of objection can be made to all sample 
data short of absolute counts of every last living individual, which is 
always impracticable. But it loses its force when the same sorts of results 
are obtained by varieties of census techniques. Any generalization that 
can come from a’ study of many different kinds of animal or plant, 
sampled by many different techniques, must reflect some underlying pat- 
tern of diversity in nature. To understand the one grand generalization 
which it has been possible to make it is convenient to work with an ex- 
ample. 

In 1936 A. A. Saunders published a census of the birds that bred in 
Quaker Run Valley, of the Allegany State Park in New York. A total of 
141 species had been reported from the park at one time or another, 
although this number certainly included some which were chance visi- 
tors that could not be expected to breed. Saunders found that 80 species 
were breeding when he made his census. He estimated the numbers of 
nesting pairs of each kind, mainly by the device of counting the singing 
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1670 1656 1196 868 723 723 
675 506 477 389 367 324 
311 310 288 282 280 270 
220 188 181 179 161 160 
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males when they made themselves conspicuous. The commonest species 
had 1670 pairs in the valley, but the tenth commonest had only 389 pairs, 
and the numbers tailed off sharply after that as can be seen in Table 37.1. 
This is the familiar pattern of the common being very common while 
most others are relatively rare. 

If you make a plot of species rank against number of individuals, as is 
done in Figure 37.1 (curve A), you get a sharply descending curve 
suggesting an exponential function. But the function is not simple, since if 
you convert the numbers of individuals to a logarithmic scale you get not 
a straight line but curve B. There might not be anything particularly 
remarkable in this distribution if it were found only in the birds of the 
Quaker Run Valley, but in fact the form of the distribution seems to be 
widespread. Other bird counts yield distributions of commonness and 
rarity which on a log scale are of the form of curve B, and so do the 
counts of moths coming to light traps and census data of other insects. 
The bird and insect counts form the largest bodies of census data on 
which we can draw, but there are counts of a few other groups of orga- 
nisms that can be used in the same way. A species-abundance plot of 
diatoms settling on a glass slide suspended in a stream yields a curve of 
the form of curve B, for instance. So it seems that this type of distribution 
of rarity is widespread in nature. If we are to explain it we must first have 
some formal statement of it, an obvious need that led to a number of at- 
tempts to fit the curves with equations for modified harmonic series 
(Fisher et al., 1943). But the real mathematical distribution that these data 
reflected was revealed when F. W. Preston (1948), a consulting engineer 
by profession, turned his ingenious mind to the matter. ; 

Preston started from the observation that commonness and rarity are 
relative terms. A bird species with 50 nests in Quaker Run Valley only 
seems uncommon because other species have more than 1000 nests 
there. It is natural to talk about one species being twice as rare, or four 
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Figure 37.1 
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Abundance of the 20 commonest bird species at Quaker Run Valley. 
Curve A is a plot of abundance on a linear scale; curve B, a plot of 
abundance of the same 20 species on a log scale. Data are those of the 
20 commonest species in Table 37.1. Census data of large samples of 
many kinds of organisms show that such distributions of abundance 
are widespread. These distributions are log-normal. 


times as rare as another; very well! let us order the data in groups of rela- 
tive abundance. We start with a simple hypothetical series as shown in 
Table 37.2. Species with four individuals appearing in the census are 
twice as common as those with only two individuals, which is to say that 
species of group C are twice as frequent as group B, and so on. The 
sequence of frequencies can be viewed as a sequence of octaves, which 
are bounded by the numbers 2, 4, 8, and the like. It is possible to sort real 
census data into these octaves. If there are 9, 10, 11, 12, 13, 14, or 15 


Hypothetical Census Data Ranked by Relative Abundance 


Species group A. BC) D” Erect I J K L 


Approximate 
specimens ob- 
served of that 
species 1 2 4 8 16 32 64 128 256 512 1024 2048 


individuals, they belong to octave D. If there are 374, they belong to oc- 
tave | and so on. Any collection that falls on a line is halved and shared 
between the octaves on either side. The procedure is well illustrated by 
Preston’s treatment of the Quaker Run Valley bird census (Table 37.3). 
There are clearly only a few species in the octave at the beginning of the 
sequence and few species in the octave at the end. Most are in the middle 
octaves, so that if we plot species per octave against an octave scale we 


Species Abundance of Quaker Run Valley Birds, Ranked into Octaves 
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get a humpshaped curve (Figure 37.2). Such a hump-shaped curve is 
Gaussian, or what is usually referred to as a “normal” shaped curve. But 
this is not a normal distribution as it is known in statistics because it ap- 
pears only when plotted on a logarithmic base; for Preston’s octave series 
is the same thing as a logarithmic series to the base 2. The frequencies, in 
fact, follow the distribution that statisticians have long known as log- 
normal. Preston had thus shown that the frequency of occurrence, which 
is to say the commonness, of the Quaker Run Valley birds followed a def- 
inite, ordered, mathematical distribution. This was a far-reaching conclu- 
sion, suggesting that some general process was ordering the relative 
abundance of bird species. 

But what of other kinds of animals? Preston was quickly able to show 
that the abundance of other species for which good census data were 
available was also log-normally distributed (Figure 37.3). The pattern was 
widespread. Perhaps particularly striking was an estimate of the entire 
bird fauna of North America suggesting that species abundances were 
log-normally distributed. Since Preston’s work appeared, Ruth Patrick 
(1954) has shown that the species abundance of diatoms caught on glass 
slides suspended in water is also log-normally distributed, and Whittaker 
(1965) has shown the same for plants of the Sonoran Desert, suggesting 
that the distribution can apply to plants as well. But perhaps what was 
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Species abundance of Quaker Run Valley birds ranked into octaves. Plot of the 
census data as organized in Table 37.3. The result is a hump-shaped or Gaussian 
curve. This is the log-normal distribution which underlies the characteristic shape 
of curve B in Figure 37.1 (From Preston, 1948.) 


even more telling for the general prevalence of the distribution was the 
way in which it explained a long-standing botanical puzzle, the Raun- 
kiaer Law of Frequency. 

Ranukiaer was one of the pioneer plant ecologists of the Scandinavian 
tradition, a man who sought to describe vegetation from the data of 
counts in random quadrats. One of the things that he specially studied 
was the frequency with which species occurred in quadrat samples laid 
out in what was considered a single community of plants. If he threw 25 
hoops in one piece of vegetation, and species A was ringed by only five of 
them, he would say that species A had a frequency of 5/25 x 100 = 20 
percent, if it occurred in only one hoop then it was 4 percent frequent, if 
in all of them, 100 percent, and so on. Raunkiaer’s frequency was a 
measure of abundance of sorts, but it measured abundance relative to 
sample size rather than to other species as do the more generally used 
terms “common” and “rare.” Raunkiaer found that a few plants were 
very “frequent” but that many more kinds were infrequent, as we shou Id 
expect. Then he divided his species into frequency-classes, not logarith- 
mically into octaves as Preston was to do, but into five equal percentage 
groups. These would have been 0 to 20 percent, 21 to 40 percent, 41 to 
60 percent, 61 to 80 percent, and 81 to 100 percent if he had based his 
data on 100 quadrat samples. But he standardized on 25 quadrats. For a 
plant to be 22 percent present in a sample of 25 quadrats it would have to 
occur in 5 1/2 of them, which is obviously impossible. So Raunkiaer 
divided his groups at the impossible fractions, making the five groups A, 2 
to 22 percent; B, 22 to 42 percent; C, 42 to 62 percent; D, 62 to 82 per- 
cent; E, 82 to 100 percent. Raunkiaer found that if you chose the size of 
your quadrats correctly group A had more species than B, which had 
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Some log-normal distributions. (A) Dirks’ data for moths that came to a light trap in Maine 
(from Preston, 1948). (B) Data for diatoms settling on a glass slide in a stream in Pennsyl- 
vania (from Patrick 1954). (C) Data for plants in the Sonoran Desert (from Whittaker, 
1965). The curves are all humped, but the left-hand side may apparently be missing, 
suggesting that rare species were too rare to be included in the sample. 
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Figure 37.4 


Raunkiaer’s Frequency Distribution, 


more than C, which had more than D, which had Jess than E, or 
A>B>C>D<E 


which may be graphed to yield a curve like a back-to-front “)” as shown 
in Figure 37.4. When Raunkiaer was working more than half a century 
ago, it was still proper to describe your discoveries as “laws,” and this 
result became known as Raunkiaer’s Law of Frequency. It was quickly 
found that it applied to every layer of every piece of vegetation in which it 
was tried. Demonstrating the frequency distribution, with its “J’’ curve, 
became standard in plant descriptive work, and there are enough pub- 
lished demonstrations of the law to leave no doubt about its generality. 
But why should group E always have more species than group Dé It 
seemed a very odd thing. Those who pondered the matter critically early 
realized that the answer must have something to do with sample size for, 
to demonstrate a Raunkiaer frequency distribution, you had to choose the 
right quadrat size. |t was left to Preston half a century later to show that if 
you took the right proportion of plants whose relative abundance was dis- 
tributed log-normally, the Rankiaer distribution followed automatically. 
Raunkiaer, without knowing it, had discovered a property of log-normal 
distributions. A formal proof of this is given in Preston's paper. But the im- 
portance of Raunkiaer’s work in retrospect is the support it gives for the 
Preston hypothesis that very many species of plants and animals in nature 
are log-normally distributed. Apparently the log-normal distribution 
describes not only birds at census and moths at light traps, but plants in 
the communities examined by European phytosociologists as well. What- 
process leads to the log-normal distribution seems to be very ge" 
eral. 

We started with a question: Why should some species be common and 
others rare?, which seemed a formidable enough question by itself. Now 
Preston had presented us with a complication that seemed stranger still; 
Why should there be an apparent mathematical relationship between 
common species and rare species so that their relative abundance follows 
a log-normal distribution? 


Log-normal distributions were known to statisticians before Preston 
alerted biologists to their presence in biological data. They are typically 
the probable outcome of superimposing a number of random processes 
on each other so that they undergo “random walks” (Feller, 1951). But 
must the relative abundance of animals, then, be merely a random thing? 
For opportunist species, at least, it clearly can. Both the Spanish ecologist 
Ramon Margalef (1957), and Robert MacArthur (1960), have pointed out 
that the numbers of opportunists, and hence their relative abundance, 
must be random. The local population of each opportunist is constantly 
changing as it takes advantage of temporary habitats, or as it escapes fora 
while from the pressure of some predator. The fortunes of the many op- 
portunists in nature must fluctuate largely independently of each other. At 
any one time their relative abundance should be the accumulated inte- 
grals of their several rates of increase, and these accumulated integrals 
should undergo the random walks that lead to log-normal distributions. 
Preston’s findings would thus be fully explained if all species were oppor- 
tunists whose populations fluctuated widely with environmental ac- 
cident. But most students of population dynamics would be reluctant to 
believe that all species are opportunists. All the evidence which shows 
that some animals maintain population equilibria is against this conclu- 
sion. How, then, can the existence of equilibrium species be reconciled 
with the omnipresent log-normal distributions? 

Part of the answer to this riddle may lie in the patchiness of the environ- 
ment. Equilibrium species may well maintain their equilibria, and deter- 
mine their relative abundance, by processes which are far from random 
within a uniform physical space. But if adjacent patches of the environ- 
ment are different, the animals there might be expected to maintain popu- 
lations of different sizes and to have different relative abundances. If the 
census sample is large relative to the size of environmental patches, it will 
embrace a mixture of patches, each with its different sets of relative abun- 
dance. The range of conditions from one patch to the next should vary as 
much at random as the conditions which determine the sizes of oppor- 
tunistic populations. The accumulated effects should be the same, and a 
log-normal distribution should be produced by the random-walk process. 
The log-normal distribution is thus consistent with there being equilib- 
rium species present, if the sample size is large relative to the size of envi- 
ronmental patches. Casting an eye back on Preston’s data at once reveals 
that his samples did tend to be large. A light trap must collect moths from 
a very large area. The Quaker Run Valley with its thousands of birds ob- 
viously covers many different habitats. And the most spectacular of all 
Preston’s results, the fitting of the distribution to the estimated abun- 
dances of all the bird species of North America, becomes very clearly 
explained indeed. 

If log-normal distribution 


different microhabitats in the sample, ¢ 
pear if we adjust sample size to habitat size. R. H. Whittaker (1965) has 


shown that the Preston hypothesis fails for plant communities in which 
there is strong dominance, and low diversity (which is to say not many 


5 are sometimes dependent on lumping many 
we should expect them to disap- 
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Commonness and rarity in two forests in Tennessee. Deciduous Cove Forest at the feet of the 
Great Smoky Mountains has very many species, being a forest where dominance is hard to de- 
tect, like the forests of the tropics. The species importance plot on a log scale looks like that of the 
Quaker Run Valley birds (Figure 37.1, curve B). The relative abundance of these forest species Is 
log-normally distributed. But the subalpine fir forest, high in the mountains, has few species and 
strong dominance. The plot of species importance of this forest on a log scale is a straight line. 
The phenomenon of ecological dominance imposes a special and nonrandom relationship 
between commonness and rarity in such communities. Notice that relative abundance is plotted 
as relative importance, which reflects a way of weighting the data to remove the effects of plants’ 
being of different sizes. (From Whittaker, 1970.) 


species with one or two of them strongly dominant over the rest). He 
chose a subalpine fir forest in the Great Smoky Mountains of Tennessee 
as fitting these requirements, and expressed the relative importance of 
plants in the community by measuring their net production. Expressing 
their importance in this way got round that common botanical difficulty 
of the widely different size of individuals. The relative importance of 
these plants was not log-normally distributed, but the relative importance 
of plants in a much richer forest in the foothills of the same mountains 
was log-normally distributed. The difference is shown in Figure 37.5. The 
curve for the subalpine forest is a simple logarithmic function, quite 
different from the curve for the richer forest, whose data would re- 
veal the familiar Gaussian hump if plotted in octaves. This finding is 
quite consistent with the explanations offered for the log-normal distribu- 
tions that do occur, for there is nothing random about the establishment 
of dominance. 

But for samples of large areas, some varient on the log-normal distribu- 
tion does seem to hold good for all communities except those subjected 
to ecological dominance. It suggests that the general explanation for the 
commonness and rarity of species lies in the unpredictability of the envi- 
ronment. To living things the environment fluctuates in ways that are hos- 
tile, both in time and space. Some species, the opportunists, meet the 
fluctuations in time merely by fluctuating themselves. By the random- 
walk process their relative abundance becomes log-normal. Other 
species can endure the fluctuations through time well enough to establish 
equilibrium populations. But their overall abundance is set by the fluctua- 
tions of the environment through space. Their relative numbers differ 
from patch to patch, and the products of all these local abundances 
results in a log-normal distribution also. The answer to the question, 
“Why are some species common and others rare?” must be, “Because 
there are many parameters of the environment which are random.” The 
relative numbers of the different kinds of living things directly results from 
the irregular structure of the physical world, an irregular structure that 
greets the organisms which endure it as a set of random hostilities. 

There is one last intriguing thing about the log-normal distributions, 
and this is revealed by a study of their mathematical descriptions. The log- 
normal distribution may be defined as follows: 


n= nge7(aR)? 
where 


ng is the number of species in the modal octave 
nis the number in an octave distant R octaves from the mode 
a is an empirical constant which can be calculated from the evidence 


The constant a has been calculated for all of Preston’s examples, and for 
other data that have been obtained since. G. E. Hutchinson (1953) 
pointed out in one of his most famous essays that this constant always 
seems to have a value close to 0.2. The value itself does not have any 
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direct meaning for us, but it does seem extraordinary that the constant 
should have the same value no matter the size or reproductive capacity of 
the organism, whether we are dealing with diatoms, moths, or birds. 
Perhaps it bears some subtle relationship to the range of variation in the 
earth’s environment, a range set by fundamental properties of the solar 
system or the elements in the periodic table. But we do not yet know what 
the value of constant a really does mean. 


Within small patches of the environment the relative abundance of 
equilibrium species need not be log-normal. MacArthur tried to predict 
the relationship between commonness and rarity of similar sorts of 
animals living together in the same place. He assumed that the species 
should have been separated by character displacement, and thus should 
occupy discrete niches which let them avoid competing. He further sup- 
posed that of all the parameters making up the niche hypervolume only 
one was critical in apportioning the resources of the habitat between 
the several species. The result was the celebrated broken-stick model. 
Census data from birds and other animals seemed to show that the rela- 
tive abundance of many species over small areas was, indeed, as 
predicted by the model. For a time it seemed to some ecologists that the 
underlying assumptions of the model, discrete niches through character 
displacement and critical single niche parameters of overriding impor- 
tance, would be shown to be generally valid for very many sorts of living 
things, but it has since been shown that the distribution of commonness 
and rarity required by the broken-stick model may result from many 
other sorts of interactions between species, not all of them biologically 
probable. It is perhaps true to say that the only general statement we 
can make about commonness and rarity is that it has been guided by 
random processes. 
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Preston’s way, and the way of those who had gone before him, of seeking 
to explain the abundance of species had been to try to match observed 
distributions to curves and equations. When finally a good fit was found, 
they looked around for some biological meaning in the equation. This 
approach did produce biological enlightenment, because it revealed the 
overseeing role of environmental diversity in determining biological 
diversity. But a more satisfying approach for a biologist is that of starting 
with known characteristics of living things and then trying to predict their 
consequences. We want to use mathematics not just to fit biological data, 
but to predict biological data. It should be possible to predict the relative 
abundance of species from models based on properties of the species 
themselves. We make a model, state the hypothesis that the model cor- 
rectly describes how living things must act on one another, and test the 
hypothesis by comparing predicted distributions with observed distribu- 
tions. This is the essence of the scientific method. Its application to 
ecology by Gause led to some of our most trenchant understandings. It 
should be possible to follow Gause’s example, and to build a model 
based on the same fundamental concept of niche which should explain 
the diverse abundance of species, just as the Gause model had explained 
the existence of species themselves. This, Robert MacArthur, then of Yale 
University, was the first to attempt. 

MacArthur (1957) began his attempt with a study of bird diversity, 
because many birds seem to be equilibrium species whose numbers vary 
little from year to year and whose density may be fairly uniform over large 
areas. He was able to support this belief with the conclusions of David 
Lack and with his own studies on American warblers, both described ear- 
lier in this book. The populations of such equilibrium bird species over 
comparatively restricted areas might be immune to the sort of random- 
walk adjustments which apparently accounted for the log-normal dis- 
tributions found by Preston for such large samples as the Quaker Run 
Valley. A different distribution of abundance ought to prevail for smaller 
samples, and this should be predictable from the theory of the niche. 

Species divide up their world into niches, so the problem of the abun- 
dance of species becomes one of the relative abundance of niches. But 
how can you measure a niche so that you can divide the bird’s world into 
niche spaces? Help with this problem came when G. E. Hutchinson 
produced a formal definition of the niche. He called it “an n dimensional 
hypervolume.”” There were very many parameters to the niche of any 
species, as had long been recognized, all the manifold influences that 
together made up its ‘profession’ (using Elton’s analogy) being para- 
meters that could theoretically be measured. Calling the niche a ““hyper- 
volume” allowed each of these parameters to be treated individually so 
that mathematical expressions for the niche were possible. Furthermore, 
the prevailing idea of “limiting factors’ suggested that only one para- 
meter was usually crucial in the competition between a pair of equilib- 
rium species. A given resource might be so divided by a number of 
species as to determine their niche volumes, and thereby their relative 


abundance. MacArthur felt that he could choose just one axis of the 
hypervolume, the one crucial for interspecific competition, and proceed 
to consider how this one crucial axis could be divided. 

The critical part of the environment was considered by MacArthur as 
being represented by a line, which could be divided into segments 
representing the portions allotted to the several species, and thus their rel- 
ative abundance. The phenomena of exclusion and character displace- 
ment suggest to us that the separation between niches ought to be 
discrete so that dividing the line into a number of discrete lengths to rep- 
resent niches seems a biologically sound proceeding, although not the 
only conceivable way because the niche spaces might overlap. But 
MacArthur started with the assumption that niches were discrete. The line 
could now be thought of as a stick of niches joined end to end. The 
problem was to break the stick into a series of niche lengths which could 
be used to predict a series of abundances of birds in nature. MacArthur 
postulated that dividing up the niche space was a random process. n — 1 
points are thrown at random onto the stick, and the stick is then broken at 
each of these points. There are then n segments of stick, the lengths of 
which MacArthur postulated were equivalent to the abundance of n 
species of birds. The expected length of the rth shortest interval is given 
by 


so that the expected abundance (I,) of the rth rarest species among n 
species and m individuals is given by 


m 1 
aD Gara 
The derivation of these equations is not simple, and nonmathematical 
biologists may be comforted by the knowledge that there is more than 
one mathematical paper in existence about them (Feller, 1951). But, ac- 
cepting the math, they do provide a model that purports to predict the rel- 
ative abundance of equilibrium bird species and that can be tested 
against field data. MacArthur (1960) proceeded to test the model against 
the census data from the Quaker Run Valley (Chapter 37). 

There were 80 bird species recorded as nesting in the valley, com- 
prising a total of 14,594 individual birds. Using the equation of the 
broken-stick model it was possible to calculate how many of each species 
there ought to be. MacArthur did this for a number of species, finding that 
the abundance of the birds fell along a curve of the form A in Figure 38.1 ij 
Notice that this is not a straight line, although it looks nearly straight. 
MacArthur then plotted the actual abundances of the Quaker Run birds as 
recorded in the census and got curve B of Figure 38.1. The curves are 
clearly quite different, so that the model does not correctly predict the rel- 
ative abundance of the 80 species of birds nesting in the Quaker Run 
Valley. But this was expected because Preston had already shown that 
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Figure 38.1 
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The broken stick model and the birds of Quaker Run Valley. The heavy black 
curve shows the distribution of relative abundance which would be expected if 
the birds in the valley had divided all its resources for bird life into discrete non- 
overlapping niches. But the actual distribution of relative abundance is log- 
normal (Chapter 37), and this distribution does not match the predictions of the 
broken stick model. Broken stick distributions should only be looked for in pop- 
ulations of equilibrium species occupying small uniform habitats. n = number 
of species in sample; m= total number of individuals of all species. (From 
MacArthur 1960.) 
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Figure 38.2 
Relative abundance of birds in 17 small habitats in Quaker 


Run Valley. Each of these curves of abundance looks roughly 
parallel to the almost straight line of the broken stick distribu- 
tion shown in Figure 38.1. It looked as if the broken stick 
model survived the test of predicting the distribution of rela- 
tive abundance of equilibrium species in small habitats, even 
though the sum of all these distributions is log-normal. (From 


MacArthur, 1960.) 
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their abundance was log-normally distributed. Even though many of the 
valley birds might have been equilibrium species whose densities were 


not set at random, the valley was so large that many different patches a 


were included. Any broken-stick distributions should be masked. 

To test adequately the predictions of the broken-stick model we must 
be able to compare it with census data from a small uniform habitat to 
which its assumptions could apply. Fortunately this could still be done for 
the Quaker Run Valley birds, because Saunders had divided his original 
census data by habitat. There were five uniform stands of virgin timber in 
the valley as well as various agricultural habitats, and Saunders had 
counted the birds nesting in each separately. MacArthur plotted the abun- 
dance of birds in each of these subcensuses against his ranked species 
scale, producing the series of graphs shown in Figure 38.2. A glance at 
these shows that they look like the predicted curve of A in Figure 38.1; 
they seem to have about the same angles to the axes of the graph, and 
look roughly “parallel” to that almost straight line. They do give the 
impression that the model works, and if the model works then its assump- 
tions must be sound. And if its assumptions must be sound, then surely it 
follows that equilibrium species divide up their world into discrete sepa- 
rate niches; which is what many ecological theorists had long wanted 
them to do anyway. The MacArthur brokenstick model was thus a satis- 
fying thing for ecologists to read about. By following the classical scien- 
tific method, ecology seemed to be grasping a new level in its quest for an 
understanding of natural diversity. 

Faith in the broken stick model was enhanced by the failure of attempts 
to make a successful model of diversity on the assumption that niches 
were not discrete. If niches overlapped freely and without affecting each 
others’ extents, it should not be so easy to decide where to break the stick, 
and a more complex mathematical model was required. MacArthur's first — 
attempt to make one yielded species abundance curves that were quite 
unlike those yielded by his bird census data, suggesting that an overlap- — 
ping niche model was not the correct one. It later turned out that an 
overlapping niche model gave even more unreal predictions than Mac- — 
Arthur had thought, for there was an error in his published mathematics — 
(Pielou and Arnason, 1966). The correct curve was even more unlike the 
census data than MacArthur's. It took 6 years for MacArthur’s mathemati- 
cal error to be discovered, even though his paper was one of the most - 
talked about in biology; which may be taken as a measure of the subtlety 
of the mathematics involved. In the event, the demonstration of the error 
served to increase confidence in the original conclusion that discrete 
nonoverlapping niches was indeed the true state of affairs. 7 

Attempts were soon made to test the broken-stick model against abun- — 
dance curves for other groups of organisms, and there developed a small 
literature on the subject. Generally it was found (King, 1964) that you — 
could produce curves for which there was a good “eyeball’”’ fit with the 
predicted curve of the model if, but only if: : 


1 The life cycles of the organisms were synchronized. 


2 The organisms were fairly closely related, of similar size and form, and 
living in similar ways. 
3 The area sampled was small and uniform. 


These were conclusions that should have surprised nobody because they 
were the assumptions on which the broken-stick model was based. The 
organisms must be expected to compete, so they must be active at the 
same times; competing required similar niches, and such should be oc- 
cupied by closely related species; and you had to have a small uniform 
habitat, or you ended up with the summed effects that led to Preston’s 
log-normal distribution. But within these restrictions, the model did seem 
to work, and our feeling that we had some nebulous grasp on how natural 
communities were organized into the activities of different species was 
encouraged. 

But there were some strong hints of trouble with the model also. N. G. 
Hairston (1959) showed that you could make curves of abundance of 
even apparently opportunistic species like soil arthropods look roughly 
like calculated broken-stick curves if you found the right sample size. Too 
big a sample gave you a different shaped curve, so did too small a 
sample, but a properly chosen sample size yielded an abundance curve 
which looked tolerably like that of the broken-stick model. There is an 
echo of the method used to get the Raunkiaer frequency distributions in 
this, a suggestion that we are really dealing with some curious statistical 
property of an underlying distribution that we do not yet understand. 
Added to these doubts was the apparent inapplicability of the model to 
plant communities. Whittaker (1965) found, not unexpectedly, that the 
phenomenon of dominance produced abundance distributions that were 
quite unique to plants, and in no sense consistent with the broken-stick 
model. Where dominance was not strong, measures of species impor- 
tance by productivity or cover measurements (Chapter 37) yielded log- 
normal distributions. 

But then there appeared what looked like a triumphant vindication of 
the broken-stick model. If a community of closely related equilibrium 
species was to arrive at the predicted distribution of abundance by 
random process, the species clearly must take their time about it. There 
should be an interval during the youth of a community when equilibria 
Were not established and broken-stick distributions should not be found. 
But as the community got older, then the relative abundance should 
approach closer to equilibrium, and the curves should come closer to that 
almost straight line predicted by the broken-stick model. We needed a 
history of the changing abundance of members of an animal community 
through time, and it was found for us in the record of lake mud 
microfossils by Clyde Goulden (1966). Headshields, postabdominal 
claws, and other parts of cladocera are preserved in lake muds by the 
thousand, and may usually be identified to genus or species. Goulden 
took a boring through the sediments of a postglacial lake, extracted the 
cladoceran microfossils at successive intervals through the mud column, 
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Figure 38.3 

The development of a broken stick distribution through 
time. A core of sediments from a Guatemalan ake oe 
tained remains of chydorid Cladocera, providing a series 0! 
censuses of the lake’s chydorid inhabitants through time. 
Notice that the number of species increased progressively 
; from 9 to 16 and that the distribution of relative abundance 
3°45 89101316 approached that predicted by the broken stick model as the 
Species sequence community became more complex. (From Goulden, 1966.) 
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worked out the relative abundance of the taxa at each interval, and com- 
pared each with the distribution predicted by the broken-stick model. The 
results (Figure 38.3) seem to be a striking vindication of the model. In the 
early history of the lake, the abundance curves did not fit very well to the 
predicted curve. But they got successively closer, until at last the fit was 
good. And once the fit was good, it stayed good at successive intervals. In 
Goulden’s data we seem to see the establishment of equilibrium numbers 
through random process, and by closely related organisms in a confined 
uniform space (the lake) taking place before our eyes. 

There was reassurance in Goulden’s findings, and these were soon 
amplified by a similar lake study by Tsukada (1967). There had been two 
catastrophes in the history of Tsukada’s lake, volcanic eruptions which 
had dumped great quantities of volcanic ash into the water. These 
catastrophes might be expected to disrupt equilibria, perhaps even exter- 
minating some of the lake’s inhabitants, and starting the random process 
groping toward equilibrium once again. And Tsukada found that agree- 
ment of fit between observed and predicted abundances did, indeed, 
disappear in samples immediately overlying each layer of ash, but that 
goodness of fit was slowly reestablished in the equable years that 
followed each catastrophe. Tsukada had, in Deevey’s (1969) words, 
“coaxed history into making an experiment’ of disturbing an equilibrium 
system so that he could witness the process by which a new equilibrium 
was attained. (Figure 38.4) 

But more powerful objections to the broken-stick model were being 4 
unearthed to undermine this reassurance. Joel Cohen (1966, 1968) dis- er 
covered that quite different sets of assumptions could lead to the selfsame 
mathematical equation that MacArthur had derived from his broken stick. 

Cohen’s first approach was to consider the small area to be studied as a 
set of a large number of subniches. There would be many species there, 
each of which occupied a number of subniches. It should commonly 
happen that two or more species should share some subniches, but each 
species would nevertheless have a unique combination of subniches 
which should make itself unique and allow it to conform to the Gause 
Principle of one species, one niche. This seems a more realistic way of 
defining the differences between species than that of considering only 
one critical parameter, one axis of the hypervolume, as was done for the 
broken-stick model, Cohen likens his subniches to a set of bottomless 
buckets of unlimited capacity. Species are represented by different col- 
ored balls, and the habitat is then filled with species by a set of players 
(the species) taking turns to throw their balls so that they fall into one of 
the buckets at random. The rules of the game are rigged by the referee 
(simulating nature) so that no two ball colors can end up occupying the 
same set of buckets (which is to say the same niche), nor can any two 
colors occupy exactly the same number of buckets. The referee goes on 
allowing turns to fresh players until the last empty bucket receives a ball. 
The game is now ended, for every subniche is occupied and some sort of 
equilibrium is established in the habitat. The number of balls of each 
species is its abundance. This model of filling the habitat by random im- 
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The broken stick distribution reestablished following catastrophes. Conditions 
for life in a Japanese lake were drastically changed by falls of volcanic ash twice 
during the last 12,000 years. Before the first fall of ash the relative abundance of 
chydorid Cladocera had slowly changed through several thousand years until it 
was closely similar to that predicted by the broken stick model, a history which 
was revealed by analysis of fossil parts of the animals. The distribution of abun- 
dance was drastically different after a layer of volcanic ash settled through the 
water, and it began to approach the broken stick distribution again when a sec- 
rho fall was accompanied by a repeat of the history. (After Tsukada, 


a 


migration into subniches, a species at a time, is at least as realistic as the 
broken-stick model. Cohen even shows how it can explain some difficult 
ecological phenomena in ways that the broken stick cannot. And yet he 
also shows that, if there aren boxes the abundance of the rth species will 
be given by 


I,=n" Sy (n+1-i)7 
i=1 


which is also the equation of the broken-stick model. 

But there was worse to follow yet. Cohen (1968) next postulated some- 
thing much more unsatisfactory for an ecologist: that abundance had 
nothing to do with the discreteness or overlapping of niches; indeed, that 
abundance had nothing to do with the presence of other species at all. 
Then he postulated that all of n species underwent exponential popula- 
tion growth that was identical but independent of all the others, and that 
the growth of each population went on until some arbitrary time. The 
abundance of the rth rarest species after taking part in such an un- 
biological mess was given by 


I.=n73 (n+1—4)7 
i=1 


which equation should by now be familiar. Cohen finally turned the knife 
in the wound by suggesting that there are probably a number of other 
more or less plausible models of species interaction that should yield the 
same equation. 

It seems that many sets of assumptions can lead to the distribution of 
abundance predicted by the broken-stick model. It also seems that dis- 
tributions of this form can be found in nature, usually when we sample 
small areas and consider only related species whose life cycles are syn- 
chronized, but sometimes with a medley of organisms if we juggle our 
sample sizes. In the grand diversity of nature it is not improbable that this 
distribution is produced in more than one of the ways that are theoreti- 
cally possible. In some circumstances it may be that the resources ofa 
habitat are divided up by species finding discrete niches according to the 
broken-stick model. But sometimes circumstances result in a process akin 
to the balls-and-buckets model taking place. And other interactions may 
lead to like distributions. Cohen suggests that we try to distinguish 
between these sets of assumptions by devising experiments with animals 
in the laboratory; but such attempts will always lead to the objection of 
the analog computer argument. If the math is sound, it ought to be pos- 
sible to manipulate your animals so that they “‘solve’” any required equa- 
tion, The experiments show you what animals can do, not what they do 
'n nature. ‘ 

An alternative seems to be to go back to testing assumptions by direct 
observations in the wild. This is what we were doing before we called on 
mathematics to aid us, and it was not good enough. Perhaps the final 
answer will have to be to build more complex sets of assumptions, 
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leading to more complex equations that shall be unique. This presumably 
means computer simulation, with models being ever more refined by ob- 
servation and experiment until they predict very closely the natural dis- 
tributions of abundance. This seems to take us back to ecosystem studies 
and to the big teams again. 

A generalization that seemed valid after Preston had shown the preva- 
lence of log-normal distributions was that commonness and rarity were 
ultimately caused by random processes. This generalization seems con- 
firmed by the history of the broken-stick model and its analogs. All these 
models depend on random process, and yet, in some circumstances, their 
common equation does describe the diversity observed in nature. It 
seems that the extremes of commonness and rarity which we find in na- 
ture come about because the occupancy of niches, either by immigration 
or by speciation, is a random process. | suspect that this is not a trivial 
conclusion. 


The result of evolution up to our day is a world supporting a rich variety 
of species, but with more species in some places than in others. Some of 
the places with few species, like hot springs or sites inhabited by the pio- 
neer plants of successions, seem to be harsh or difficult places in which 
to live because they are rare or ephemeral. There has been little time for 
evolution to forge a new species to occupy any one of them, and the 
chances for extinction of an opportunistic species attempting to migrate 
from one to another of them must be high. It is easy to understand why 
these places may support only a few kinds of plants and animals, but 
there are other apparently harsh habitats, like the arctic tundras, which 
support few species even though they are neither rare nor ephemeral. 
Other apparently harsh places, like the Sonoran Desert, support a rich 
diversity of species, at least, of plants. We must develop a general 
hypothesis which explains differences in species diversity such as these. 
All the hypotheses which have been put forward have had to be directed 
to perhaps the most striking aspect of the pattern of diversity on the 
earth; the apparent gradient of species richness which runs from the 
tropics to the poles. It is not enough to say that the large trees of tropical 
forests make tropical habitats more physically complex, thus giving 
Opportunities to more kinds of animals, because the number of extra 
niches which might result from this geometrical complexity is likely to 
be small compared with the large numbers of extra species which 
tropical habitats seem to support. Most of the parameters of animal 
niches are not measured in space, anyway, but reflect the activities of 
other animals. A tropical habitat certainly seems to hold more niches 
since it supports more species, but the packing in of more niches in the 
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tropics cannot be used as an explanation for the greater number of 
species without the argument becoming circular. An early hypothesis of 
promise supposed that there were less species as the poles were 
approached because glaciers of the Ice Ages had caused widespread ex- 
tinction, and there had not yet been enough time for the lost species to 

be replaced by evolution. There is some validity to this hypothesis. It 
explains, for instance, the remarkable paucity of tree species in the 
European forests, as compared with those of America or China, but it 

fails as a general and sufficient hypothesis for all the observed dif- 
ferences of diversity. The climatic catastrophes which accompanied the 

Ice Ages were not confined to the North, being felt as drastic changes in 
climate even at the equator, and fossil evidence shows that there was a 
gradient of diversity from equator to poles in remote geological periods 
without Ice Ages. The hypothesis that places with a rich diversity of : 
species are more productive places is even less satisfactory, for some of 
the most productive habitats have very few species indeed. There 
should be a theoretical upper limit to the number of species which are 
possible in any one place set by the energy supply, which is to say the 
productivity, but it is likely that this limit is very rarely reached. The 
most satisfactory general explanation is that places with few species are 
places with the highest probabilities for extinction; being strongly 
seasonal, unusual or ephemeral, they are places of great stress for life 
where accident can often lead to extinction. Places of less stress may 
not acquire new species by evolution any more quickly, but their loss 
rate through extinction is less and so in time they come to accommodate 
more. 


bmuttiayy 2 


One of the most striking facts of natural history is the richness of the life of 
the tropics. There are more sorts of trees, more birds, more insects, More 
mammals, more snakes, more of almost everything in the tropics than ~ 
there are in other latitudes. There seems, indeed, to be a gradient of diver- 
sity running from the wonderfully diverse life of the equator to the almost 
lifeless ice of the poles. Parallel changes are met on ascents of high 
mountains, for not only do formations and life zones change with altitude 
in the ways that so exercised the early naturalists, but the number of 
species steadily declines as you go higher also. Other changes of diversity 
from place to place are well-known, too; a square mile of land supports 
more species of animals that does a square mile of ocean; an acre ofa 
large island has more species than an acre of a small island; Lake Baikal 
in the Soviet Union has perhaps 100 times as many species of animals 


as Lake Superior, although both lakes are freshwater and of comparable 
area, and so on. Why should species diversity vary so? 

At first sight, the places of low diversity usually have characteristics that 
might seem to explain their impoverishment. They are often, for instance, 
what we might call harsh places, or rigorous places. Such are the poles 
and tops of mountains. Such also are extreme deserts, where life is scat- 
tered and the species list is low. Salt flats, caves, hot springs, and brackish 
estuaries all seem likewise impoverished, and each of these may be said 
to provide rigorous habitats to life as it is lived over most of the earth. But 
why should a rigorous climate result in fewer species? An estuary, for in- 
stance, is a highly productive place supporting hosts of living things; but 
it happens that there are comparatively few kinds. If some sorts of things 
can live there, why not many more? And the arctic tundras for hundreds 
of miles beyond the tree line are a complete green carpet. Vascular plants 
occupy most of the space available in spite of the rigor, so why should 
there be only a few kinds of them? 

Rigor does not always result in low diversity. The Sonoran Desert, 
surely a rigorous enough place, is the home ofa great variety of perennial 
plants with its many kinds of catcus and other desert shrubs. These plants 
alone probably represent as much diversity as is to be found in many a 
temperate forest with adequate rain, and yet the Sonoran Desert is also 
the home of many kinds of ephemeral plants, the annuals that spring up 
in the brief spring rains. And serpentine soils, whose unusual chemical 
composition excludes many familiar plants, are legendary for the 
numbers of species which they support (Whittaker, 1954, 1960). So it 
seems that rigor per se cannot be the general explanation for low diver- 
sity. Connell and Orias (1964) make this point clearly ina recent review of 
the subject by pointing out that the dry land must be thought of as a very 
rigorous place for organisms who have evolved first in the sea; yet it is 
the land that is rich in species, not the sea. 

But there remains the fact that local rigor and low diversity do com- 
monly go together. Perhaps an extreme example is afforded by hot 
springs, surely a rigorous sort of place in which to be and which accord- 
ingly supports very few forms of life. That something can live in so bizarre 
a place as a hot spring, shows that life is perfectly possible there. If all the 
world were a hot spring, might we not expect it to be well populated with 
living things? But this leads us to what is probably the crux of the matter. 
All the world is not a hot spring; hot springs are rare. When we say that 
they are rigorous, what we mean is that living conditions there are unlike 
those normally encountered by living things. It is their unusualness that 
matters. And not only are they unusual; they are ephemeral. They exist at 
a place like Yellowstone for a few thousand years after the volcanic 
upheaval that gave them birth, then the buried magma cools and the 
water bubbling from the local spring is no warmer than elsewhere. 
Animals and plants that would live in such a place must adapt from what- 
ever local species are able to mutate in the required way, or they must be 
extreme opportunists, able to disperse from one remote place of vul- 
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canism to another. The opportunities for hot-spring life are few, fleeting, 
and difficult. We should not be surprised that the random process of 
evolution by natural selection has not been able to make many species — 
suitable for such a life. ' 

Other places that have low diversity, and that appear to us to be 
unusual or rigorous are the habitats of pioneers in plant successions. The 
dunes along Lake Michigan, where Cowles saw the dune grasses and cot- 
tonwoods start the classic xerarch succession, must surely be thoughtofas 
rigorous, and the bared ground on which secondary successions start 1 
must be a fleeting and unusual thing, at least until farmers came along. — 
The species lists in both pioneer communities are low. Indeed, it is pos- 
sible to regard species enrichment as a major part of ecological succes- 
sion. Throughout most of the early stages of plant successions the species 
lists grow, and only in the climax is there sometimes a retrenchment, The 
site begins with almost no species, but then it acquires more and more by 
immigration and replacement. It should not surprise us that diversity was 
low when only the first immigrants had arrived. The diversity of oppor 
tunists who start successions must therefore always be low. It is not the 
rigor of the sites that they occupy which causes low diversity but rather 
the limited time during which the sites are available to the pioneers. 

So sites which are unusual or fleeting must be expected to support only 
species which are unusual or which are being rapidly replaced by im- 
migrants. Many local patches of low diversity can be explained in this 
way. But we must find different explanations for the grand patterns of 
diversity, for the change with latitude, and from land to sea. Different lati- 
tudes, and the separation of soil and water, are both usual and perma- 
nent, implying some more fundamental reason for the difference in diver- 
sity. 

It is tempting to look first for an explanation in the structure of the dif- 
ferent places. More species means more niches, and more niches might 
well be found in places of complex structure, of complex geometry. The 
presence of forest trees, for instance, immediately suggests many more 
ways of life, many more niches, for insects than would be present in the 
same patch of land covered only with grass; you can have canopy-living 
species, trunk-living species, understory-living species, ground-living — 
species, and so on. This may be true for larger animals also, like birds for 
which we have much better data. MacArthur (1964, MacArthur and 
MacArthur, 1961) tested this possibility for birds, measuring at a number — 
of sites both the diversity of the birds and the physical diversity of the — 
foliage. He divided the forest into three layers, the ground cover, which 
was usually only up to 2 feet high, the middle story of bushes and young — 
trees, and the canopy. Then he worked out the proportion of the total 
foliage which lay in each of these three layers, an operation that was €5" _— 
sentially one of measuring the cover of each by mapping. The proportions 
of foliage in the three layers gave him a measure of the total diversity of 
foliage, which he could compare with the diversity of birds encountered. 
He found that for widely different habitats over different parts of the 
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Diversity of birds and the diversity of foliage, As trees get larger, and 
vegetation more complex, there may be more ways in which the 
niches of birds may be physically separated. This figure shows results 
of census of birds and foliage-height diversity for a series of habitats 
each large enough to hold 25 pairs of all species combined. The 
close correlation suggests that the number of kinds of birds may be 
close to the maximum that can be allowed for such motile animals, 
getting their livings in special ways, so that the numbers of species 
ae influenced by matters of simple physical space. (After MacArthur, 
965.) 


United States the bird species diversity was proportional to the foliage 
height diversity (Figure 39.1). é 
MacArthur's study of the effects of layering in foliage, and other studies 
like it, have confirmed what seemed intuitively obvious: that complex 
physical structure should result in more possibilities for specialized liv- 
ing, and hence in more species. Some part of the low diversity of insects 
in the Arctic may thus be because there are no trees in the Arctic to make 
a complex world for the insects. The relative poverty of the sea likewise 
seems to conform to this general concept, since the physical structures of 
the open sea, although present, are much less elaborate than the struc- 
tures of the land. If there were large plants in the open sea, there might be 
more kinds of animals, but large plants are usually absent for the reasons 
discussed in Chapter 13. 


Clearly, geometric complexity does 
species diversity. But there must be more to the matter than geometry 


because, if we look closely at the evidence, we find that the decline of 
diversity with latitude is revealed even when the geometry seems compa- 
rable. A good illustration of this is the greater richness of trees in tropical 


have an important influence on 
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forests. This has been discussed several times in this book. A temperate 
forest may be dominated by just one or two species whereas the canopy 
of a rain forest may be shared by 100. Likewise insect species are many 
times as numerous in tropical forests, a great disparity in species abun- 
dance that cannot be explained by the slight increase in structure 
represented by the larger trees. 

The great differences in diversity between things such as insects and 
trees of tropical and temperate forests is sufficient ground for rejecting the 
thesis that the decline of diversity with latitude is primarily a con- 
sequence of declining physical structure. But there are still more compel- 
ling theoretical grounds for rejecting this explanation. The argument 
leads to supposing that the prime parameters of niches are set in physical 
space; are in only three dimensions. This is the trap of using the word 
“niche’’ as it is used in church architecture, as a three-dimensional slot in 
which you place a figurine. But the ecological niche is a hypervolume of 
very many dimensions, only three of which are set in physical space. 
Most of the rest are set by the neighbors of the animal or plant; by those 
who would eat it, feed it, compete with it, or associate with it. A complex 
matrix of ecological niches has biometric rather than geometric com- 
plexity. This may well provide more niche spaces, but the complexity 
results from the presence of many species and is not a cause of them. The 
argument has become circular. We still face the problem that there is a 
gradient of diversity from the equator to the poles, and that this can be 
explained neither by rigor per se nor as the consequence of simple 
geometry, although the effect may sometimes be amplified by geometry. 

An attractive explanation was the one put forward by Alfred Russel 
Wallace (1878) when biogeography was in its infancy, an explanation 
long followed by biogeographers (Fischer, 1960). This notes that the polar 
regions of the earth have been recurrently overrun by glacial ice, and that 
the last of these afflictions was comparatively recent in a geologic or 
evolutionary sense. Perhaps the recurrent catastrophes to the north have 
meant that there has never been time for a diverse northern flora and 
fauna to evolve. The 10,000 or so years that have elapsed since the end of 
the last Ice Age might seem a short time in which to evolve a complex 
biota, or even to repair the losses by extinction suffered when the 
northern habitat was last overtaken by ice. At the other latitude extreme, 
so claimed the hypothesis, the tropical rain forest may have been left in 
undisturbed occupation of its habitats through whole epochs, allowing 
evolution to create much diversity. This hypothesis would be particularly 
attractive if the cline of diversity from the poles was a peculiarity of Pleis- 
tocene or Recent geologic time, and was not so pronounced in past 
epochs that were less subject to glaciation. But there is a convincing body 
of evidence from fossils which suggests that this requirement is not met, 
which suggests that a similar cline of diversity to the poles has been 
present in all ages. We have for instance (Stehli et al., 1969) good evi- 
dence that there were more species of planktonic foraminifera, small 
animals that leave their calcareous skeletons behind by the million, neat 
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Diversity and latitude in the geologic past. Data such as these suggest that there has always Figure 39.2 


been a cline of diversity from the equator to the poles. (From Stehli et al., 1969.) 


the equator during the Cretaceous epoch than there were further north. 
Other animals of which we have splendid records are the bivalves called 
Brachiopods. In remote Permian time there was a steep decline in diver- 
sity of these from the equator northward, also (Figure 39.2). Added to 
these difficulties is the fact that there is a growing body of evidence which 
suggests that tropical regions have not been undisturbed for epochs as 
was formerly supposed. Rain forests may commonly have developed 
since the last glaciation, and right down to the equator the events of an 
Ice Age have been felt in such drastic ways as turning lakes to dust bow!s 
or dust bowls to lakes. 

For these reasons the Wallace explanation, in its simplest form, must 
fail, but it can fall back on suggesting that northern regions have always 
been more liable to catastrophe than have lower latitudes. Whether there 
were Ice Ages or not, life in the North must always have been subjectto an 
excessive number of catastrophes such as might set the clock of evolution 
back. But we have no reason for believing that this has been so. Apart 
from the sweep of ice sheets, there are not many calamaties so great that 
they can wipe out the biota of whole regions. Hurricanes and droughts 
are just as likely, perhaps more likely, near the equator as near the poles. 
And even an ice sheet itself is not so deadly a killer as might be thought, 
because animals and plants retreat before its slow advance so that most of 
them survive in the frigid belt before the glacier’s front. In Europe the 
glaciers were able to descend from Scandinavia and squeeze out the 
forests against the Alps. This is a valid explanation for the low diversity of 
European forests when compared with temperate America. But elsewhere 
the species were commonly displaced by the ice, and were prompt to 
reinvade, as the pollen evidence clearly shows (Chapter 7). Nor is the ef- 
fect of the ice felt only in the North, since we now know that the climatic 
Pattern of the whole earth is changed by the presence of an ice sheet so 
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ARE TROPICAL NICHES 
DIFFERENT IN WAYS 
THAT ALLOW CLOSER 
PACKING? 


that adversity caused by climatic change may be felt at the equator as 
well as in the North. A reasonable conclusion is that there is some validity 
in the hypothesis, that some local patterns of reduced diversity in the 
North, as in European forests, can be explained because the North is 
disaster prone, but that the hypothesis is not adequate to explain the 
grand gradient of diversity that we see. 


Rejection of the Wallace hypothesis as a sufficient explanation leaves us 
with the suggestion that the saturation, or equilibrium, number of species 
that can live in temperate climates is less than at the equator. Remem- 
bering that geometry and some ill-defined sense of rigor are not adequate 
explanations, it is tempting to ask if there is not some special quality of 
the tropics which allows more niches to be packed into unit space. In 
short, can tropical niches be different in some general and important 
way? 

An ideal tropical life would not be afflicted by changing seasons. A 
niche in such a place need not contain parameters requiring adaptation 
to seasonal change, meaning perhaps that it should be smaller than the 
niches of northern places with winters. If tropical niches could be 
smaller, then you could pack more of them in and the answer to the 
diversity problem was found. But how can you measure a niche to show 
that it is larger or smaller? Klopfer and MacArthur (1961) attempted to get 
round this difficulty by considering the implications of packing in lots of 
small niches as was apparently done in the tropics. The occupier of a 
small niche must be a specialist, suggesting that he would have the cen- 
tral part of his niche very much to himself; a safe refuge that might make it 
unnecessary for him to compete fiercely at the periphery. Partial in- 
terlopers might be tolerated, and we might say that denizens of the tropics 
would be more likely to have overlapping niches. The problem seemed to 
become one of testing the postulate that niches overlapped more in the 
tropics. 

The test tried was based on observations of Hutchinson (1959) that the 
discreteness or overlap of bird niches could be inferred by comparing the 
sizes of their bills. Birds choose food with their bills, so that character dis- 
placements which set the degree of separateness or overlap of the niches 
of neighbors is likely to be reflected in the relative sizes of their bills. The 
downy and hairy woodpeckers, (Dendrocopus pubescens and D. vil- 
losus) of the American East and Midwest, for instance, go woodpecking 
on the same trees, but they avoid competing for food because one 
catches one kind of insect with its short stubby bill whereas the other 
catches a different crop with its more massive chisel. Hutchinson mea- 
sured the bills of large collections of museum specimens of North Ameri- 
can birds, and found that the mean ratio between pairs of closely related 
species was 1.3. If this was a measure of niche distinctiveness, or the 
amount of risk of overlap that should be allowed in north temperate 
regions, then Klopfer and MacArthur could predict that bills of related 
sympatric birds in a tropical world of overlapping niches should be closer 


to unity than 1.3. They went to Panama and watched birds, carefully 
noting which species seemed to feed together. Then they resorted to 
museums for specimens of the birds they had seen, and measured the 
lengths of their bills. The mean ratios between their pairs of birds was 
about 1.1. This suggested that the niches of tropical birds were indeed 
closer, implying the overlap which they had predicted. Umfortunately, as 
their friends have often told them (MacArthur, 1965), Klopfer and Mac- 
Arthur had not shown that the species they had studied were closely 
related, They had chosen birds that fed together, but there was no reason 
to believe that these were character displacement pairs, as Hutchinson's 
formulation required. The “test” of the postulate was thus no test at all. 

But, tested or not, there is a graver objection to this approach of seeking 
to explain increased diversity on the basis of smaller or overlapping 
niches. It begs the question. If there are more animals and plants in the 
tropics, then there are more niches. This comes from our original defini- 
tion of the niche. For a niche exists only when occupied. More animals 
and plants mean more niches. To explain the numbers of animals and 
plants by the numbers of niches involves circular reasoning. It might be of 
interest to know that many niches mean overlapping niches, but a rigor- 
ous demonstration that this was so would not help with the problem of 
explaining diversity. 


The mechanisms considered so far are all ones that should increase diver- 
sity in particular habitats, what MacArthur (1965) calls within habitat 
diversity. But there is another way in which a country could support 
more species; by being broken down into smaller habitats. This should 
lead to enhanced diversity of a kind which MacArthur calls between hab- 
itat diversity. The animals and plants become more spacially isolated 
from their relatives, supporting smaller populations but avoiding compe- 
tition by being strictly “local,” as a collector might say. It is easy to see 
how this could come about. Imagine a new volcanic island being filled 
with colonists by random immigration. The first comers have the place to 
themselves, and adopt niches as wide as their physiology and behavior 
allow. They amass large populations. As more of their old neighbors from 
the ancestral continent arrive, the pioneers must retreat to smaller niches, 
although still occupying the whole island. But there will come a time 
when species have become so numerous that survival will require re- 
treating to only the part of the island to which each is best suited. Increas- 
ing within habitat diversity has at last been replaced by increasing 
between habitat diversity. An analogous process should occur in an an- 
cient continent, but on a longer time scale, by evolution rather than by 
immigration. If speciation continues even after habitats can be shared no 
more, then a pattern of smaller habitats should develop; the within habi- 
tat diversity remains roughly constant but the diversity of the whole 
country continues to increase. A limit should be set to this process by the 
extinction rate, The fundamental difference between these two sorts of 
diversity were independently pointed out by Whittaker (1960), who 


541 

WHY ARE THERE MORE 
SPECIES IN SOME PLACES 
THAN OTHERS? 


THE TWO SORTS OF 
DIVERSITY 


542 
AN EVOLUTIONARY VIEW 
OF THE PATTERN OF LIFE 


THE HYPOTHESIS THAT 
HIGH DIVERSITY 
RESULTS FROM HIGH 
PRODUCTIVITY 


called them a@ (within habitat) and B (between habitat). This nomencla- 
ture is not used in this book because of a prejudice against unnecessary 
Greek. 

The realization that increased diversity can be accounted for in two 
ways opens another chance for comparitive studies. Are both kinds of 
diversity greater in the tropics? As yet we have little data. Comparisons of 
species area curves for birds by Preston (1960) suggest that, for birds at 
least, the big difference is in the between habitat diversity. This is not 
surprising because such studies as MacArthur's (1964) correlating bird 
diversity with foliage height diversity suggest that the possibilities for 
within habitat diversity in birds are saturated in most latitudes. It is 
therefore easy to accept that the increasing diversity of tropical birds is 
accounted for by an increase in between habitat diversity. For no other 
group of organisms do we have such complete data. The richness of 
tropical forests clearly suggests that for trees the increased diversity of the 
tropics is, at least, partly accounted for by within habitat diversity, and a 
subjective view of tropical insect populations suggests the same thing for 
them. 

Even if we had the data which would tell us that the increase in tropical 
diversity was mostly of the one kind or the other, it would still not help 
much with the general problem. Whether the extra tropical species are 
accommodated by subdividing niches or by ‘moving over” to split habi- 
tats, we are still essentially dealing with biometrics, with the creating of 
more niches by the responses of the animals themselves. The underlying 
tropical condition that permits the greater expansion of either process 
remains obscure. 


What is different about the tropics then? Their geography and geometry 
do not seem remarkable. Their lack of “rigor’” did not seem to explain 
much. Their history is only doubtfully free from rejuvenating cat- 
astrophies. There may, indeed, be smaller or overlapping niches there, 
but ascribing this as a cause of increased diversity involves circular 
arguments that beg the question. Nor would manipulations of niche size 
help much if increased numbers of species could always be accommo- 
dated by splitting habitats to provide between habitat diversity. What is 
special about the tropics? One answer seems to be that they are more 
productive. 

If a region is more ecologically productive, it should be able to support 
more plants and more animals; hence there should be more possibility for 
splitting the grand total into more species. More simply, we might say that 
a larger cake can be made to yield more slices. The idea that productivity 
could be behind increased diversity is attractive, since it seems reason- 
able that the “rich productive tropics” should have more species than 
anywhere else. There can be no doubt, for instance, that the wet equato- 
rial regions of the earth are much more productive than are the arctic 
regions of northern Alaska. We can readily see how productivity could 
set a limit to the process of species enrichment, for this must go on until 


the rate of speciation is equaled by the rate of extinction. And populations 
that are too small, that are undernourished, must become increasingly 
liable to become extinct. 

Itis possible to erect a scheme of interlocking possibilities on the origi- 
nal base of greater tropical productivity, all of which should require 
increased diversity. This has been done by Connell and Orias (1964). 
More energy for plants can mean larger more complex plants; and it can 
also mean large purely local populations of the kind required to promote 
between habitat diversity. Diverse plants and complex plants both pro- 
vide fresh niches for animals, increasing animal diversity. More energy 
for each animal trophic level means that large local populations of 
animals are possible, again increasing the chances of between habitat 
diversity. As similar effects are felt at each trophic level, the effects are 
compounded many times. Each additional niche which is found becomes 
part of the boundary for new potential niches. And the lack of seasonality 
can aid this process of speciation caused by a high energy drive, since 
animals in a stable climate need not spend so much energy on systems 
that maintain their internal regulation, thus freeing more energy still for 
making population. It seems, in short, that if enough time is granted, 
speciation will proceed until an upper limit is set by productivity. 

But there are reasons to doubt that even this attractive scheme provides 
the practical answer. It is our experience that many of the most produc- 
tive places on earth are, in fact, places with very few species. Estuaries of 
great rivers are often enormously productive, fed as they are by the nu- 
trient supplies carried in the flowing water. Yet estuaries are places that 
classically do not have large species lists; they support large populations 
of what they do have, but the kinds are few. Salt marshes, which typically 
have only one important species of plant, are one of the most productive 
temperate systems known. Redwood forests, which include few species 
of plants, are likewise immensely productive. It is true that tropical rain 
forests, so wonderfully diverse, are among the worlds more productive 
systems, but single species cultures of tropical sugar canes or papyrus 
swamps are possibly more productive still. These highly productive 
systems of low diversity can with advantage be compared with the 
Sonoran Desert, a place of splendid diversity but which is not much more 
productive than the open ocean. All these examples, and many more like 
them, make a too heavy load of exceptions for the hypothesis to bear. 
They are already a sufficient reason for rejecting it, but there is yet a pro- 
Vocative additional argument. If you make a body of water more fertile by 
polluting it with sewage or phosphates, the productivity increases but the 
species list goes down. The data to support this are now very numerous, 
coming from almost all studies of pollution, but the matter has been 
specially well documented for diatoms by Ruth Patrick (1961). ; 

It seems logical that more productive places should have more species, 
but it is not true that they do. Whatever mechanism sets the number of 
species in any place, it works at a level well below that set by the avail- 
able energy. A valid inference from this seems to be that many more 
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species could be allowed almost everywhere on energetic grounds, but 
that the accumulation of species has gone further in some places than in 
others. The grand question then becomes, Why have more species ac- 
cumulated in tropical regions than in higher latitudes? A clue to the 
answer has recently come from studies of the deep sea. 


The ocean floors beyond the continental shelves and down into the deep 
abyss are dark, cold, unproductive places. Life down there is dependent 
on energy supplied as detritus from the lighted zone far above, or carried 
to the bottom as organic molecules in solution. There is no local primary 
production at all. There are, of course, no plants. The animals must sub- 
sist only on the energy which has been imported after escaping the vigi- 
lance of animals and decomposers of more favored places. We may ex- 
pect the pickings to be lean down there in the abyss. And yet it has just 
been shown that the deep-sea floors are rich in species; richer by far than 
the productive continental shelves; and richer still than the even more 
productive estuaries at the edges of the ocean. This has been demon- 
strated by examination of dredge hauls carried out by vessels of the 
Woods Hole Oceanographic Institution, particularly by Howard Sanders 
(1969). Sanders concentrated only on the animals that lived buried in the 
surface mud, the infauna, ignoring those that lived on top of the mud. 
Furthermore, he counted only the polychaete worms and the bivalve 
mollusks of the infauna, but these seemed to comprise about 80 percent 
of the species in his hauls, suggesting that he was dealing with a large part 
of the total diversity. These studies show, most convincingly, that as you 
follow the bottom down to the comparatively unproductive depths the 
density of the animal populations goes down, as you would expect, but 
the within habitat diversity goes markedly up. There are fewer animals 
but more species down there. 

The gradient from an estuary, through the continental shelf to the deep- 
sea floor may be thought of as a gradient of environmental hazard for life. 
At one end is the estuary, a place whose salinity and temperature may 
change rythmically with daily tides, with the seasons of the moon, and 
with the seasons of the year; but also in unpredictable ways as storms or 
floods may swamp the region with either saltwater or fresh, bringing 
perhaps mass death. Although highly productive, the estuary is a place of 
regular stress and unpredictable hazard. The deep-sea floors, on the other 
hand, are well insulated from environmental shock. Not only is there little 
change between night and day but even seasonal changes are likely to be 
slight. The chance of mass catastrophe, unless by turbidity current, must 
be very small indeed. Clearly it seems reasonable to correlate the gradient 
of diversity with a gradient of physiological stress and the unpredictability 
of hazard. And having done this we must surely note that the other great 
gradient of diversity, from the poles to the equator, is also correlated with 
a gradient of stress and hazard. 

Sanders’ work illuminates the fact that the most general and significant 
things with which the gradients of diversity are correlated are gradients of 
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The stability-time hypothesis. 


stress. If we also accept that shortage of time compounds with physical 
adversity to increase the stress of an environment, the conclusion em- 
braces all that is valid in the earlier hypotheses. Hot springs were not only 
physically adverse, but they were also fleeting. Bare ground at the start of 
secondary successions was available for but little time. Glaciers did rep- 
resent something of an extra stress to places in the North. But more 
striking still is the way the observation is consistent with the anomalies 
that deny the productivity hypothesis. Salt marshes and estuaries are 
places of high physical stress, so they have few species for all their high 
productivity. Pappyrus swamps and sugar cane fields are ephemeral 
systems shortly to be replaced in succession. And polluting a river stresses 
it, so that the species list is reduced even though the river is made more 
productive. Sanders was thus able to postulate that all places of high 
diversity would have stable or predictable environments and that all 
places of low diversity would either be places of unpredictable hazard or 
they would be short-lived. He called this result the stability-time 
hypothesis. ; 

Slobodkin and Sanders (1969) developed the stability-time hypothesis 
to suggest the kinds of animals that must live in low and high diversity 
places. Places of low diversity were stressful or available for limited time, 
which meant that animals must be opportunists. The bits of Australia 
which Andrewartha and Birch describe fitted admirably the qualities ofa 
place of low diversity as Sanders and Slobodkin saw it, and their oppor- 
tunistic animals had the usual qualities for life in such places; they dis- 
persed well, they were capable of very rapid population growth, their 
numbers were often checked by weather, and they were fugitives from 
competition. Animals of stable, high-diversity places were, on the other 
hand, equilibrium species whose numbers were more closely apie 
by density-dependent mechanisms. They were more biologica y 
accommodated.” The full scope of the stability-time hypothesis can thus 
be illustrated by a diagram as in Figure 39.3. 
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We do not yet have a detailed test of the stability-time hypothesis. 
Sanders (1969) shows that it fits the data for the infauna over wide parts of 
the oceans, and it does seem to conform to the general facts about the dis- 
tribution of diversity. But the suggestion that life of stressful places should 
always be opportunistic is not so generally satisfying. It may be true for 
most animals, but it is probably not true for perennial plants. The strategy 
of many plants of unstable areas is to set aside reserves in the good times 
and to endure bad times as dormant adults (Chapter 27). This allows an 
equilibrium population of biologically accommodated individuals to be 
maintained inspite of unpredictability and environmental stress. On the 
other hand, annual plants often appear in stressful places, and these 
adopt the strategies of opportunists. With the reservation that perennial 
plants may not be opportunistic in places with high stress, however, the 
stability-time hypothesis seems a satisfactory working postulate. High 
diversity is brought about by stability; low diversity results from instability 
or lack of time. Accepting this leads to an understanding of how the extra 
species of high diversity areas were accumulated. 


In unstable places, or where there is not much time, the dangers of extinc- 
tion are great. Populations of opportunistic animals must frequently be 
cut down by weather, and there must always be some definite probability 
that breeding efforts may fail entirely leading to a year-class failure. The 
loss of several consecutive year-classes means extinction, even for long- 
lived animals. But such year-class failure is less likely in stable climates, 
and a series of consecutive year-class failures is very unlikely. Extinction 
is thus more likely as environmental stress increases. 

But the actual number of species present in any place is a product both 
of the loss of species by extinction and of their replacement with new 
species. There is still dispute over whether speciation is more rapid in 
stable or unstable places. Sanders and Slobodkin (1969) argue that aquisi- 
tion of species by invasion is easier in stable places because generalists 
from more rugged places could stand the conditions of life there and thus 
encounter no difficulty in mastering the environment. On the other hand 
the physical conditions of life in severe or fluctuating environments must 
be almost a total barrier to immigration by species from milder places. 
They suggest, for instance, that a tropical species stands no chance in the 
winters of the North, but a northern species is already preadapted to 
tropical weather from the experiences of its own summer. Probably most 
ecologists would take exception to this, suggesting that competition in 
equable places is virtually a total bar to the invasion of fugitives from 
unpredictable climates, whereas the superior competing power of equi- 
librium species must often let them invade the homes of opportunists. 
This argument may never be completely resolved for it is hard to see how 
valid data can be obtained. But it may be reasonable to suggest that 
speciation rates are not very different in the two sorts of place. What does 
seem to be true is that the extinction rates are not the same. Stable or an- 
cient places, like some parts of the lowland tropics, go on accumulating 


species because the extinction rate is low. Unstable or ephemeral places, 
like higher latitudes or hot springs, do not accumulate species so quickly 
because the extinction rate is high. This is the likely explanation for the 
grand diversity gradients. 


We must yet ask if there are limits to the numbers of species which can be 
accumulated, and if these limits are ever reached. The productivity of the 
earth must certainly set a theoretical upper limit, but we have no evi- 
dence that this has ever been attained. Most suggestive is perhaps the evi- 
dence of species swarms in ancient lakes, of which Lake Baikal in the 
Soviet Union is the most striking example. Lake Baikal is deep and cold, 
noted for the purity of its water. It is accordingly poorly productive. And 
yet it contains many hundreds of endemic species, having some 300 
species of the genus Gammarus alone (Kozhov, 1963). The stability-time 
hypothesis explains this wonderful diversity of the Baikal fauna as the 
result of species accumulating over a long period of time in the stable 
conditions of the lake’s deep basins. The great number is the product of 
continuous evolution since the Pliocene or even Miocene, when the lake 
was first formed. We have no reason to believe that the process would not 
continue indefinitely, if it was not for the fact that the lake is now being 
polluted. 

Limits other than those of productivity must presumably work by 
limiting the number of possible niches. There is no way in which we can 
measure limits to possible niches, since we only know of the existence of 
a niche when it is occupied. But a few kinds of animals do seem to be 
telling us that the possibilities are exhausted. The diversities of some 
groups of birds, for instance, do not seem to vary very much from place to 
place, suggesting that the earth may be saturated with birds of these 
kinds. That this should be so seems reasonable, because birds require 
much space and live in specialized ways. The variations on a theme of 
“birding’’ might well be limited. The numbers of ways that it is possible to 
permute the profession of being a big cat may also be limited to allow not 
many more than the numbers of big cat species which existed in the 
recent past. But, apart from evidence such as this, we have no reason to 
believe that the possibilities for new niches are anyway near exhausted 
for the majority of species. A large part of the impressive species lists of 
high diversity areas is made up of herbivorous insects, and the un- 
iqueness of these sorts of animals seems to be due to their having to adapt 
to the biochemical defences of plants. Perhaps the greatest drive to 
speciation in plants has been selection for unpalatibility. It has resulted in 
a parallel selection for animals, particularly insects on land but including 
zooplankters in the sea, specialized to ignore such biochemical defence. 
This process of producing ever more specialized plants and ever more 
specialized predators and parasites of those plants seems to have no limit 
short of that far away limit set by productivity (Whittaker, 1969). 

It seems possible to conclude that diversity varies from place to place 
because the stability of the environment varies from place to place. The 
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mechanism that links low diversity to low stability is the greater rate of ex- 
tinction in unpredictable environments. In a few specialized organisms 
such as birds, a limit to the number of species that can accumulate is set 
by a restricted number of possible niches. For most other kinds of animals 
and plants the possible number of niches is much larger than the existing 
number of species. The actual patterns of diversity which we have 
inherited are the products of different rates of accumulation in the dif- 
ferent environments of the earth. 


Attempts to understand the causes of ecological succession have all 
along been hindered by the belief that the climax represented an 
organized entity. Yet the evidence put forward that such organization 
exists has always been very slight. Even the belief that there are climax 
communities toward which successions proceed has turned out to be 
largely an illusion. The ecological dominance, which seemed so charac- 
teristic of the supposed climax communities of temperate regions, is 
now seen to be the consequence of things such as erratic grazing pres- 
sures in places with seasonal climates. In the tropics there may be no 
dominance, and everywhere on earth there is a blending of plant com- 
munities that are subtly different. So discrete climax communities do 
not exist. Replacement of the plant community as a unit for study by the 
€cosystem made the illusory quality of the climax even clearer, for 
nowhere can we find discrete ecosystems let alone ecosystems with the 
self-organizing properties implied by the concept of the climax society. 
The communities for which we have the best histories are those of lakes, 
and we now know that the apparently inevitable course of succession 
toward the old age of the lake is a result of physical changes in the basin 
and not a result of the activities of the lake’s community. Yet attempts to 
explain succession as an organizational process have continued, so great 
is the fascination of the idea. It was once suggested that successions 
Proceeded toward that community which attained the greatest ef- 
ficiency of energy conversion. This is now known to be false, that com- 
munities which we call climax are actually often less productive than 
early successional stages. It has further been suggested that successions 
Proceed toward communities that efficiently cycle nutrients, but 
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although this is true for some successions it is false for others. Succes- 
sions do always seem to proceed toward complex physical structure and 
maximum biomass, but this reflects no more than the increasing bigness 
of individuals and the layering of communities imposed by gravity from 
below and the sun from above. Yet the increase of biomass does imply 
that the store of potential energy represented by a community proceeds 
toward a maximum; a finding which has led to the latest heresy of an 
ecosystem directing its evolution through succession. The energy re- 
serves of dead biomass have been equated with information, in the “in- 
formation theory” sense, and the hypothesis put forward that this 
increasing information is the self-regulating principle. This hypothesis 
fails, not only because of the false correlation of biomass with informa- 
tion but also for the reasons that earlier attempts to find organizing prin- 
ciples failed; because there is no evidence that the properties of com- 
munities are anything more than the consequences of animals and 
plants having to live together. A realistic explanation of succession is 
that any disturbance makes room for fugitive opportunistic species that 
are always gradually replaced by equilibrium species. The apparent de- 
terminism with which these changes occur in any one country reflects 
no more than the rate at which these replacements take place and the 
availability of local species to take their places in the succession. 


From the beginning of ecology there was the problem of succession. Even 
if you discounted some proposed primary successions as being without 
sufficient supporting evidence (Chapter 6), there were still undoubted 
secondary successions. Changes could be seen all around a discerning 
naturalist, and there seemed to be order in them. Change we could un- 
derstand and expect, because the physical world itself was always chang- 
ing. But why should the changes seem so orderly? It was as if there was 
some grand organizing principle at work, repairing the ravages of man 
and nature, restoring through successions the natural balance. All the 
main phenomena of ecology seemed linked to this central phenomenon 
of succession. Ecological dominance; commonness and rarity; the regu- 
lation of number; the distinctness of species; the tuning of lives to share 
space, nutrients, and energy; all must reflect on that curious orderliness 
which seemed inseparable from ecological succession. Here was a grand 
centralizing theme in ecology. Why should there be so much about suc- 
cessional change which seemed deterministic and even predictable? 

A first grand generalization was the persuasive philosophy of Clements 
and his disciples (Chapter 6), who likened the climax stage to some 
superorganic being. Successions were but the life histories of these 
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beings. As organisms, the climax formations were born, grew, matured, 
and died. This was exciting stuff; so exciting that it slowed the develop- 
ment of plant ecology as a truly scientific discipline for almost half a cen- 
tury. For it was not only the avowed disciples of Clements who were 
influenced by it; all of plant sociology, by its very nature, accepted some 
of its premises. Plant communities were not just chance collections of 
individuals but were organized according to some socially accepted or 
ruling plan. Early successional stages were subordinate units that eventu- 
ally gave way to the better organized societies of the climax. Whether 
you believed in the monoclimax required by dogmatic interpretations of 
Clements’ writings, or whether you took the pragmatic view that there 
could be many local climaxes in any climatic region (so-called 
polyclimax theory) you tacitly assumed that succession was a process of 
social organization; that it led to an organized entity which you called a 
society. But there was no evidence that this was true. Perhaps the best 
line of supporting argument which you could offer was that communities 
undoubtedly became more complex as succession proceeded (up to a 
point), because they acquired more and more species. You said the soci- 
ety was abuilding. But this argument loses its force when you reflect that 
succession starting on bare ground begins with no species at all. A 
Progressive increase of species present is then inevitable, and does not 
require a socially organizing principle. 

This was essentially the objection raised by Gleason (Chapter 6). The 
so-called ‘‘society’”” was no more than the randomly acquired assortment 
of plants suited to the neighborhood, an assortment that naturally in- 
creased with time until all possible local plants were included. This was 
all that was implied by your “climax.” 

The ideas of the superorganism and the social entity no doubt acquired 
much of their plausibility from the prevalence of the phenomenon of 
ecological dominance in plant communities of the temperate zones. The 
dominant beeches and maples of a beech-maple forest undoubtedly im- 
Pose constraints on the community of which they are members, and these 
Constraints might perhaps be construed as organizing principles of sorts. 
Any other plant that survives where the beeches and maples live must be 
adapted to tolerate their presence. But this is a conclusion very different 
from that of detecting grand designs, resulting in superorganisms or 
Organized societies. These concepts are philosophical analogy, not the 
fruits of deductive science. The proper approach to the phenomenon of 
ecological dominance is to ask how it can*come about as a result of 
evolution through natural selection, not to see it as some guiding princi- 
ple around which societies might be organized. The establishment of 
dominant trees seems, at least in temperate forested lands, to be closely 
associated with the phenomenon of climax, and thus the event that termi- 
Nates successions. On the way to understanding succession itself, there- 
fore, we ask the question: why does dominance occur? 

Ecological dominance is peculiarly a property of terrestrial vegetation, 
Particularly of forests. The tiny plants of the plankton cannot attain it, nor 
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in areal sense do animals. It is true that a few species of animals or phy- 
toplankters may be very much more common than others, so that they 
may make up most of the biomass in their respective communities. But 
this sort of excessive abundance merely reflects the hump of the log- 
normal distributions, as Preston has shown (Chapter 37). Such excessive 
abundance is predictable from the basic assumption that speciation and 
evolutionary success reflect random processes. Commonness is impor- 
tant, but it is not dominance. Real ecological dominance as understood 
by the plant sociologist means the physical overshadowing of most plants 
by a few. But that the big should squeeze out the small is hardly 
surprising. If succession led merely to bigness, we could explain it in the 
way in which Gleason explained the complexity of the climax. You start 
with no species; which means that you must collect progressively more if 
you are to end with many. Likewise, if you start with nothing, you must 
expect increasing size if you are to end with bigness. It is not just the fact 
that the big overshadow the small which made dominance so important 
to the philosophy of succession, but that it was so very few species of big 
plants which did the overshadowing. In the beech-maple forest there 
might be 20 species of trees, but only the beeches and maples were 
numerous enough to be dominant. It was this ability of just one or two 
species to unfailingly dominate which gave so much impetus to the idea 
of the organized society of plants. The proper question to ask now 
becomes: How could natural selection lead to this dominance of the 
many by the few, even when subordinate species were also big? 

A likely answer to this question has developed from the discovery that 
dominance is much attenuated or even absent in tropical forests. A rain 
forest with a hundred species of trees to the acre cannot be described in 
terms of its dominant trees as can a temperate forest. There would have 
been much less temptation for botanists of philosophic mind to find in 
plant communities the organized structure of societies if they had lived in 
the tropics instead of northern latitudes. But why should the tropical 
canopy, with its prize of light, be shared by many species while in tem- 
perate lands it is dominated by the few? Janzen has shown us to look for 
the answer to this in the activities of animals which eat seeds (Chapter 
34). Seed predation close to parent trees in the tropics is so thorough that 
only widely dispersed seeds can develop into adults. But the seasonal 
climates of temperate lands forced seed predators to be opportunistic. 
Their numbers fluctuated, sometimes allowing large numbers of seeds to 
germinate and develop under the parental canopy. The trees that have 
once got themselves established are thus able to swamp the temperate 
woodland floor with their own offspring, to disbar further immigrants by 
their sheer competitive numbers, to establish and maintain their domi- 
nance. The form of ecological dominace that so exercised the early plant 
ecologists was thus a phenomenon principally of temperate lands, and 
explainable as the result of the local insects being opportunists subject to 
recurrent catastrophes. 

In the event it was not necessary to await the work of Janzen on seed- 


eating insects to see that the superorganismic approach as put forward by 
the plant sociologists was unsound. The very societies that were thought 
to represent the climaxes became more elusive the more they were stud- 
ied. Work on gradient analysis, particularly the studies of Whittaker 
(Chapter 2) revealed the frequencies with which communities blended 
with one another along environmental gradients, so that the discontin- 
uities we thought we saw were merely blips in the spectra of abundant 
and conspicuous plants. Real disjunctions between one type of vegeta- 
tion and another, like those formation boundaries that can be correlated 
with air-mass fronts, were the exception; disjunctions between smaller 
blocks than formations were commoner in the mind of the beholder than 
they were on the ground. There were not so much organized societies of 
plants as aggregations of independent plant species, each grouped round 
the sites for which it was best suited. This was essentially what Gleason 
had maintained all along. 

But if the beliefs in superorganisms and directing societies eventually 
faded away for lack of evidence, fascination with the apparently deter- 
ministic process of succession did not. There it remained, the most ubiq- 
uitous of all ecological phenomena, the fact that replacements of plants 
and animals by others always tended to proceed in an orderly and pre- 
dictable way. What guiding principles directed these changes so? 

The plant society gave way to the ecosystem as the central unit of 
ecological study, but this merely added more intriguing complexity to the 
problem. Unidirectional, orderly, predictable successions were now seen 
to lead to essentially stable ecosystems, instead of just to formations or 
societies of plants. 

For a while the study of lakes, the easiest ecosystems to study because 
bounded by so uncompromising an edge, resurrected the Clementsian 
superorganism (Chapter 18). Lakes, it was argued, started life as pools of 
infertile water in raw holes. They then acquired not only more and more 
species of inhabitants, as would be expected during successional change, 
but they also grew more fertile. Then the rate of change became less, so 
that both fertility and the numbers of their inhabitants were stabilized for 
much of the history of the lake. The lake ecosystem had gone through a 
sigmoid growth history, like the numbers of Paramecium in one of 
Gause’s tubes. Finally the steady rise of sediment in the bottom so shrunk 
the cold bottom waters, the hypolimnion, that they became anoxic in 
summer. The oligotrophic lake had taken on some of the qualities of a fer- 
tile eutrophic lake. The speed of deposition of bottom mud quickened, 
old age was accelerated, the hydrarch successions closed over the old 
basin, and the life of the lake was extinct. As an organism the lake had 
been born, had enjoyed early rapid growth, a falling growth rate at the 
close of its youth, a long period of tranquil maturity, and final death. But 
this resurrection of Clements’ creature did not last long. The early 
changes in production and fertility were shown to be due to inputs of sed- 
iment and nutrient from outside. The eutrophy of old age was no more 
than it had always been seen to be, the result of physical changes in the 
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shape of a basin inexorably filling up in the course of time. Only the suc- 
cessions that responded to these physical changes remained, as ever or- 
derly, roughly predictable, and requiring explanations not based on de- 
terministic philosophy. 


A new possibility was revealed when Lindeman and Hutchinson in- 
troduced the ideas of energy flow and the efficiency of its conversion into 
the study of the ecosystem (Chapter 11). The possibility is clearly stated in 
Lindeman’s (1942) classic paper on trophic dynamics. The bare ground 
or water of an unoccupied site should clearly produce nothing at all, 
having an ecological (Lindeman) efficiency of zero. Production must start 
with the first pioneers. It must be low at first, as the ground is but partly 
covered, but then must rise until a maximum is reached. Such is decreed 
by physical laws. But even though the productivity of the site must rise, 
the energy flux from the sun remains the same. It follows that the 
ecological efficiency must also increase as succession proceeds. But pro- 
ductivity and efficiency cannot increase indefinitely; there must be a 
limit, amaximum. And what more natural limit to expect to find than that 
of the climax? 

Lindeman postulated that successions should proceed toward max- 
imizing the efficiency of energy conversion, suggesting that the climax 
would be found to maintain maximum efficiency. As succession pro- 
ceeded we should expect adjustments among the animals and plants of 
the ecosystem until the highest efficiencies were obtained. Energy was 
the ultimate limiting resource for all living things. When the best possible 
use was made of that which was available, then some sort of real maturity 
would be reached and we should expect change to cease. A climax 
would have been reached. Now the apparent deterministic growth of 
Clements’ superorganism seemed to be explained, not as some quasi- 
philosophical property but as the result of a struggle for that most 
concrete of entities, energy. 

Lindeman had no data on which to draw in the test of his hypothesis, 
and could only illustrate the hypothesis diagramatically (Figure 40.1a). 
We still have very few estimates of the ecological efficiencies of whole 
communities, but we do have a growing body of literature of the produc- 
tivity of communities of various kinds. These leave us with no doubt that 
early successional stages are not only highly productive, contrary to Lin- 
deman’s postulate, but are in fact probably the communities that achieve 
the highest productivity of all. Old established forests that have been 
examined seem to produce less (to have lower gross primary productiv- 
ities) than either young growing forests or the pioneer successional stages 
of herbs which precede them (Odum, 1969; Kira and Shidei, 1967). 

This leads us to conclude that maximum productivity is achieved very 
early in many successions, that roughly the same high productivity 1's 
maintained throughout most of the successional changes, but that there is 
an actual tailing off as the climax formation develops. On this view, the 
productivity of a succession starting from a bog mat as postulated by Lin- 
deman should be given by Figure 40.1b. 


ce ee 


(A) Lindeman hypothesis (1942) 


(B) Hypothesis of a 1970 ecologist 


Hypotheses of changing productivity in succession. In 1942 Lindeman postulated that pro- 
ductivity should increase as succession proceeded, but later measurements were to show 
that this was not so. It is noteworthy that a 1970 ecologist who had read Walkers (1970) 
Paper (Chapter 6) might even dispute the possibility of their being such an hydrarch succes- 
Sion in the first place. But if he drew a curve of productivity through time in a secondary suc- 
Cession he was sure of, it would be of the form of graph B. 


_ The absence of many real data describing the fortunes of real succes- 
sions in the field makes the hypothesis of Figure 40.1b very general 
indeed. It is likely that there should be small blips in a real curve, particu- 
larly as the age compositions of the different stands change, but we 
should expect these to be but minor perturbations on a general theme of 
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maximum productivity quickly established early on in the succession and 
then being maintained until the final decline once the climax is es- 
tablished. We should bear in mind, however, that each succession might 
have its own unique development, that some might well involve chang- 
ing environmental conditions which modify productivity as the succes- 
sion proceeds. Perhaps the most obvious are involved in the physical 
changes brought about by xerarch successions on sand, like the classic at 
Lake Michigan. We should expect the productivity of the early stages of 
this succession to be low because plant growth is inhibited by shortage of 
water. So productivity may increase more slowly in the early stages of a 
xerarch succession, perhaps even requiring more than one successional 
stage before the maximum is reached. But this is due to the simple matter 
of water shortage, and is not a consideration of energetics. In the com- 
monest successions of the old field type maximum productivity is ap- 
parently obtained very quickly, continues through the successive plant 
communities until climax forest is established, when productivity de- 
clines. We must ask ourselves: Why is a climax forest less productive 
than most of the stages which have preceded it in the succession? 

From the outset it has seemed that this declining efficiency of climax 
forests must have something to do with aging. The climax forest is made 
up of mature trees, mostly of some considerable age, replaced at only rare 
intervals by the deaths of individuals. So the old do not produce as well as 
the young, but yet hold their space in the canopy by reason of their size. 
This seems all right, as far as it goes, and there are now a number of 
studies of aging stands of trees, particularly by Japanese workers, which 
encourage the view. Tatuo Kira and Tsunahide Shidei (1967) reviewed 
productivity measurements in forests by Japanese workers at various 
Pacific Ocean sites, much of the work their own. They had measured 
increments in growth of trees, which provided them with net production 
figures, and they also measured the respiration of whole trees to give 
them the other parameter of gross production. Elaborate census of stands 
in forest plantations of various ages then enabled them to calculate the 
gross primary productivity and to follow changes in productivity as stands 
aged. Kira and Shidei showed their general conclusions in a generalized 
productivity curve of the form shown in Figure 40.2. Productivity steadily 
increased as the plantation developed, reached a maximum, and then 
declined. In a plantation there is no succession, but we may well expect 
the growth phase at the left of their sketch to occur during early stages of a 
real succession. The development in a natural climax stage would be the 
decline in productivity shown at the right of the diagram, the same 
decline shown at the right of Figure 40.1b. Productivity of the final forest 
to occupy the site, whether planted or the result of succession, declines as 
the trees age. Which is, as | said above, all right as far as it goes. But why 
should not natural selection have replaced those senile trees with better 
adapted species that remain highly productive throughout their lives? 
Probably because the selection of trees happens when they are very 
young, when they are seedlings struggling together for light and space. 


Figure 40.2 


Productivity of an aging forest 


If the bite of competition is felt by the young growing tree, then the 
strategy of the species must be to maximize growth in early youth. All 
young trees must be able to produce as fast as the physical circumstances 
of the site allow. But a mature tree of the climax forest is growing in quite 
different conditions to those it knew as a sapling. Strategies of organiza- 
tion which were necessary for its young days may not be quite so well 
adapted to the conditions of its maturity. Ideally, it should be able to 
reorganize its factories to suit its changed circumstances. But evidently 
the patterns of behavior are too fixed for natural selection to have been 
able to produce rival trees that can adapt both to that competitive crunch 
when young and to producing the maximum when old. There has been 
another of natural selection’s politician’s choices. Perhaps we should call 
this one an engineer’s choice. The tree was designed for maximum ef- 
ficiency when young, and the same design was not so efficient in the 
changed circumstances of the old tree. 

This conception of the engineer’s choice in designing a tree for efficient 
youth seems an adequate explanation for the falling productivity of the 
climax forest, one that shows why Lindeman’s hypothesis proved to be 
false. But not all successions are like those on land which lead to forests 
and dominant trees. What of aquatic systems in which plants can never 
achieve dominance? Might not the climax of such successions maintain 
maximum productivity all the time? We know that populations of algae 
when grown alone can maintain maximum efficiency indefinitely 
(Chapter 10), so might we not expect an open water succession to 
Proceed rapidly to maximum productivity and thence to stay there? In 
fact, we find that productivity declines in mature aquatic systems, just as 
it does in mature forests, although apparently for different reasons. 

__ Successions involving typical small plants of the open water may read- 
ily be studied in laboratory microcosms, and many such Studies have 
been performed. In a recent study of this kind, G. D. Cooke (1967) 
followed the fortunes of 18 replicate ecosystems in beakers containing 
300 milliliters of water, each innoculated from a common-stock culture. 
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Figure 40.3 


Productivity in aging microcosms. 


The systems had propagules of a number of planktonic and benthic algae 
as well as planktonic animals. They were kept in growth chambers 
provided with artificial light for 12-hour days, the only other management 
being the addition of distilled water from time to time to replace that lost 
by evaporation. Productivity was measured by monitoring pH by day and 
night, a technique that is feasible because pH reflects the partial pressure 
of carbon dioxide dissolved in the water. There were visible plant succes- 
sions in these systems, particularly involving early blooms of flagellate 
and open water plants and later mature stages when most of the plants 
were anchored or filamentous forms on the bottoms and sides. Changes 
of productivity during these successions are summarized by the diagram 
shown in Figure 40.3, which is in form closely comparable to that for 
forest trees given by Kira and Shidei. 

Cooke attributed the decline in productivity at maturity to two pro- 
cesses whose effects combined: to the accumulation of ectocrine sub- 
stances that depressed plant activity and to a locking-up of plant nutrients 
in the accumulated detritus as well as in the bodies of the larger anchored 
plants. The accumulation of ectocrines in such small closed systems was 
expected from the experience of workers like Woodruff (Chapter 8) and 
Gause (Chapter 23) with laboratory microcosms. A similar effect was the 
suppression of egg laying in flour beetles kept in old flour in which 
ethylquinone had accumulated (Chapter 22). And the effect had been 
previously demonstrated for green flagellate algae (Swanson, 1943). Such 
an effect might be expected to be particularly strong in artificially con- 
fined systems, but this is not to say that it does not occur to some extent in 
natural systems also. A lake may be bigger than a laboratory beaker, but 
then it has more organisms in it which might secrete the ectocrines. | 
know of no study that demonstrates the suppressive effects of such sub- 
stances in lakes or the ocean, but there is abundant evidence that the sec- 
ond effect, the locking-up of nutrients, is important, and even crucial, in 
natural systems. The familiar spring blooms of temperate lakes and seas 
seem to take advantage of nutrients released into the water during the 


winter, and to terminate when free nutrients can no longer be found in 
quantity in the water layer in which the plants live. By the end of the 
blooms most nutrients seem to be present either in the bodies of living 
things or in the corpses that have been sent to the bottom, whence the nu- 
trients may not be retrieved before the water-mixing of another winter. 

The evidence seems clear that mature stages of both aquatic and terres- 
trial successions are less productive than some of the more youthful 
stages, contrary to the predictions of Lindeman. But it is also clear that 
this result is brought about by a number of different mechanisms, acting 
either singly or in combination. The persistence of old dominant individ- 
uals, the hoarding of nutrients in large structures, the accumulation of nu- 
trients in detritus, the export of nutrients in corpses that fall through water 
columns, the accumulation of excretions that have physiological effects 
(the ectocrines); all may suppress productivity. The striking thing about 
this set of effects is that many of them may be thought of as side effects of 
adaptations of individuals to survive. By secreting ectocrines or hoarding 
nutrients, individuals are adapted to securing the largest possible energy 
supply; but an effect of this is that the energy supply to the whole 
ecosystem is reduced, Similarly, trees are adapted to securing the largest 
possible share of the available energy when young, but this ensures a 
senile old age which shall result in a reduced energy supply for the 
climax ecosystem. The individual is a device to secure the maximum 
energy supply; the ecosystem is not. 


Under some conditions, at least, one of the most vital changes made 
during the course of succession is an enrichment of nutrients. A mature 
tropical rain forest, for instance, has a store of nutrients sufficient for its 
prodigious growth, but bare ground on the lowland tropics made by 
clearing the forest may be so deficient in nutrients that agriculture is next 
to impossible (Chapter 14). We postulate that the nutrient hoard in the 
rain-forest trees has been built up over time, notably during the succes- 
sion that led to the establishment of the rain forest. Succession in this in- 
stance can be said to have been ‘‘directed’” toward the accumulation, 
and efficient cycling, of nutrients. 

A similar history of nutrient enrichment through succession was re- 
vealed when it was shown that leaving old fields to the pioneer plants for 
a year, leaving them fallow, resulted in enrichment of the soil with ni- 
trates (Chapter 15). Wherever dense and complex vegetation is es- 
tablished on land, we find relatively efficient nutrient cycles with steady 
States apparently established. The vegetation acts to curb the rate at 
which nutrients leak from the soil to the water courses, reducing nutrient 
leak to no more than nutrient input. This allows another deterministic 
hypothesis: that successions proceed toward efficient use of cycling of 
nutrients. 

The hypothesis casts the pioneer plants in the role of “accumulators,” a 
term that appears in Odum’s (1969) writings, since the period of their 
domain must see a nutrient hoard collected. We must then ask, “what 
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special qualities have the pioneer plants to fit them for this role?” and a 
tempting answer can be found in their small size. Small size means a 
large surface to volume ratio. If nutrients are but diffusely spread through 
the substrate, it should be advantageous to have a large surface area over 
which they can be absorbed. Pioneer plants are both small and ac- 
cumulators; so the circle of logic seems to be closed. But the logic is 
dubious, nevertheless. It is the same logic that has often been used to 
explain the smallness of the plants of the open sea, and which | have tried 
to show (Chapter 12) is unsound. Suitably large surface areas can be con- 
trived without being small. In the sea, floating sargasso weed and 
anchored kelps are evidence enough for this. On land we may note that 
perhaps the most wonderful nutrient retrieval system of all is provided by 
the roots of tropical trees, in the underground and microscopic forest of 
root hairs and their associated miccrorhizza. It is better to think of pioneer 
plants as being small because their habitat is a place where there is no 
need to squander energy in maintaining bigness. They put their energy 
into dispersal devices that should let them occupy bare ground, rather 
than in achieving large size. Any effect this may have on their nutrient- 
getting powers (and it may be adverse, particularly on land) is part of the 
consequence of their size strategy, rather than a cause. 

On dry land, the hypothesis that successions increase the nutrient 
supply seems no more than a statement of the empirical evidence. But 
there can be doubts, even there. Does the hypothesis hold good for an 
hydrarch succession leading to forest, for instance? Is the nutrient hoard 
of a mature forest growing on a filled lake basin indeed greater than that 
of the rich black mud with which the succession started? It seems rather 
unlikely. And when applied to successions of open water, the hypothesis 
fails completely. Consider the annual nutrient cycle in a temperate lake. 
The surface waters of early spring are rich in nutrients as a result of winter 
mixing; there is an algal bloom; the lake stratifies; the nutrients in the 
epilimnion become depleted as corpses carry them below the ther- 
mocline and to the bottom; the succession ends in nutrient poor maturity; 
and the surface water remains unproductive until winter mixing brings up 
the bottom water to start a fresh succession. This is a history of declining 
nutrient supply as the succession proceeds. It thus seems possible to say 
that the hypothesis of successions proceeding toward conservation 
is Si use of nutrients, although sometimes true, has no general 
validity. 


But an explanation for the different fates of nutrients in terrestrial and 
aquatic systems is ready to hand: the terrestrial systems hoard nutrients by 
means of their great bulk whereas the enforced small size of planktonic 
plants (Chapter 12) denies them this chance. And the large size of forest 
trees not only provides a physical storage place for nutrients, it also 
allows them to develop that intricate network of roots which serves to re- 
trieve nutrients leaking away in the soil water. The more striking dif- 
ferences in nutrient histories might thus be inevitable consequences of 
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The increase in biomass during different successions, The upper diagram is compiled from 
data from forest stands of different ages. The lower diagram results from measurements of 
replicated laboratory microcosms, essentially of algae in water. Pg is gross production; Pn is 
net production; R is total community respiration; B is total biomass. The data suggest that as 
systems age they accumulate biomass (including detritus) until respiration balances produc- 
tion, when they may be called mature. Notice that gross productivity falls at maturity in both 
systems. (redrawn from Odum, 1969.) 


the different sizes of the plants of land and water, leaving the way open 
for an alternative hypothesis that the real determining principle is a quest 
for size. Perhaps successions proceed toward the maximum biomass that 
the physical conditions of the habitat can be made to support. Such an 
hypothesis has the special interest that biomass is, of course, to be 
thought of as potential energy. The way is open for a fresh attempt to 
explain succession in terms of community energetics. 

; There seems no doubt at all that terrestrial successions lead to max- 
imum biomass, at least, those that end in forest do. If you include as 
biomass the dead parts of the litter, which is fair since these represent po- 
tential energy of the ecosystem also, it seems obvious that bogs and 
Prairies develop their greatest biomass at maturity also. Aquatic micro- 
Cosms such as those studied by Cooke discussed earlier, also hold most 
living and dead biomass at maturity. Only floating planktonic communi- 
ties may seem not to fit this pattern, because they lose biomass to the sed- 
'ment in that rain of corpses; but if you include this exported biomass as 
Part of the system, even planktonic communities may be said to achieve 
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greatest biomass at maturity. It seems realistic to claim that successions 
proceed toward a maximum reserve of potential energy in the form of 
biomass. 

E. P. Odum (1969) has summarized this view of succession with 
diagrams based on the work of Japanese foresters discussed above, and 
the microcosm studies of Cooke (Figure 40.4). In the early, highly produc- 
tive stages of each succession, gross primary productivity is in excess of 
the community respiration, and biomass accumulates. Respiration con- 
tinues to rise in the mature systems, even as productivity falls. This con- 
tinual rise of respiration presumably represents the extra energy ex- 
pended in maintaining structures of ever increasing size, although it may 
also represent more exploitation by animals, particularly the decom- 
posers of the soil and litter. Eventually gross primary productivity and res- 
piration are equal. The accumulation of biomass is at an end, and we may 
well say that the system is then definitely mature. 


This maturity represented by biomass is always accompanied by another 
apparent component of maturity, a complex vertical structure. The life of 
the pioneer stage of an old field succession lives essentially in one layer, 
or in two if you separate the zone of soil and roots from that of the aerial 
parts of the plants. But a climax forest usually has many layers. The green 
layer of producing structures is raised far above the ground in the upper 
canopy. There may be underneath this several layers of lesser producers 
working in the shade of those above. And the green carpet of pioneer 
plants which once covered the ground has given way to a brown leaf 
litter, grading more or less gradually through layers of humus into the 
mineral soil. 

Layered physical structures serve to separate many of the essential 
functions of ecosystems in space. Production is mostly carried on in a 
layer high above the ground, but the decomposers work mainly on the 
ground below. Nutrients are raised from the soil to the production lines of 
the canopy in the sieve tubes and vessels of the trees, and they are re- 
turned to the soil surface by the force of gravity for decomposition. A sim- 
ilar layering of structure and function develops during successions in the 
sea and in lakes. At the onset of the spring bloom, all is stirred together 
and there is almost no structure. But then the surface waters warm and 
float as stable layers above the thermocline. Production is maintained in 
this surface layer; but gravity eventually carries the products down from 
the producing layer to be decomposed below. In the aquatic systems 
there are no tree trunks to return the raw materials to the producing layer 
above, and the producing parts of the ecosystem are dependent on the 
physical process of water-mixing by wind or current for the renewal of 
their supplies. But in spite of different mechanisms, it seems safe to say 
that all systems do develop vertical structures and spatial separations of 
functions, by one means or another and through the process of succes- 
sion. This is nicely illustrated by two diagrams of Howard Odum’s (Fig 
ures 40.5 and 40.6). 


We thus find a set of linked physical changes always present in terres- 
trial successions, and which are, partly at least, present in aquatic succes- 
sions. Nutrient reserves increase on land, and nutrient cycles are per- 
fected. This seems most reasonably explained as a consequence of 
increasing size of the plants present, since nutrients can be both hoarded 
in their large structures and retrieved by their enveloping roots. Size, or at 
least mass, goes on increasing until production is no more than respira- 
tion. At this stage we may believe that maintenance costs of the eco- 
system, represented by respiration, balance the productivity limit set by 
the physical condition of the habitat. But the large size then attained im- 
poses a physical structure on the ecosystem. This structure always ap- 
pears as a series of layers stacked on top of one another, a condition 
which is imposed by the fact that light always comes from above whereas 
gravity always carries corpses down below. The increasing vertical struc- 
ture can therefore be explained as no more than the inevitable result of 
increasing size of plants in an ecosystem constrained by an energy source 
from above and gravity pulling from below. In aquatic systems the con- 
trolling influence of purely physical factors is even more obvious, be- 
cause the structure is imposed by the physical structure of the lake, itself a 
product of the pull of light energy above and gravity below. 

This analysis suggests that the only contribution of the living part of the 
ecosystem to vertical structure, and possibly to enrichment of nutrients 
also, comes about because individual plants grow larger throughout suc- 
Cessions until limits are set by physical circumstances; on land by the 
energetics of maintaining large structures, in the water by the fluidity of 
the medium. There is nothing profound to be discovered in this steady 
increase in the size of plants. Successions typically start with no plant 
mass at all. On the way to achieving a physical limit to size, it is neces- 
Sary to start small and to grow bigger. 


In the early stages of all successions there is a progressive increase in 
diversity. This increase may not always continue through to the climax 
stage, probably as diversity is suppressed as part of the syndrome called 
ecological dominance. Climax deciduous forest has less species than the 
stages that came immediately before, reflecting the success with which 
the dominants shut out other species. But most of the time in most succes- 
sions a progressively larger number of species come to occupy the site. 
An increase in the number of species means increasing complexity; a 
more mazelike food web. The ecosystem becomes more organized and 
More stable (Chapter 17). We may say that the “information’’ content of 
the system is increased during succession. But we have already noticed 
that biomass increases during successions also, and biomass is a measure 
of organized organic molecules, which constitute another measure of 
“information.” Biomass is also a measure of part of the negentropy of the 
system. So is the organized vertical structure, which we know also 
increases as the system becomes mature. The concepts of “information” 
and “‘negentropy’”” are closely akin, and they are described by similar 
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the accumulation of more information. The system feeds 


tion back on itself; it becomes self-regulating and self-determining. This is 
4 concept to quicken the pulse. We seem to be explaining the grandest 
Beneralization of ecology in terms of the most fundamental and quan- 
tiflable physical concepts. It is easy to imagine the rising excitement in 
the Fisheries Research Institute in Barcelona when Ramon Margalef first 
thought these thoughts (1958, 1963, 1968). 

A self-regulating self-determining system for the collection of informa- 
tion must have some limit set to its activities, a limit that should be 
Manifest at maturity, But at maturity biomass is at a maximum, and respi- 
ration balances production. The greatest possible amount of structure is 
then maintained for the available energy flow. We can say that this repre- 
Sents the most efficient maintenance of structure. Margalef points out that 
ecosystems evolve through succession to achieve this most efficient 
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maintenance of structure, this efficient management of information. This 
also is satisfying, because it always seems right that systems should be ef- 
ficient. But it is as well to notice that efficiency as used by Margalef is not 
that same ecological efficiency of which Lindeman wrote. Lindeman 
postulated that ecosystems should develop to be efficiently productive; 
Margalef is postulating that they develop to efficiently maintain structure, 
which is something quite different. The Lindeman efficiency has been 
shown not to rise progressively through the stages of a succession, but 
there seems little doubt that the efficiency of maintaining structure of 
which Margalef talks does, indeed, increase with maturity. 

Study of what was known of successions provided Margalef with many 
phenomena that seemed to fit into his general thesis. Climax systems are 
thought to have more symbiosis between species and perhaps longer 
food chains than earlier successional stages, properties that were cer- 
tainly consistent with an hypothesis of increasing structure and informa- 
tion. The data here are perhaps subjective, however, and possibly even 
suspect. Think, for instance, of the successions that start with lichens on 
bare rock. A lichen is a symbiosis between algae and fungi, so that such 
xerarch successions commence with 100 percent symbiosis, a figure 
unlikely to be exceeded at maturity! But the general consensus of natural- 
ists is probably that Margalef is right to consider symbiosis and longer 
food chains to be properties of mature ecosystems. 

Of more significance to the hypothesis is the observation that biomass 
increases fastest in early succession stages, a fact brought out clearly in 
Odum’s diagrams (Figure 40.4). This is apparently the same thing as 
saying that information and structure are increasing and being stored 
quickly. The young ecosystem is foregoing the use of present production 
to lay up stores of information (biomass) for the future: which seems to be 
self-regulation and self-determinism with a vengeance. Self-denial for the 
sake of the future! Clements’ superorganism scarcely had more striking 
Properties. 

Not being content to store information for its own future, the evolving 
ecosystem seems able to export information to neighboring ecosystems. 
Margalef’s own field studies were mostly of marine plankton communi- 
ties. They never attained very great complexities or, as Margalef would 
Say, they never attained great maturity, because of the fluidity of the 
medium. Individual size was small (Chapter 12), and physical organiza- 
tion like the spatial patterns of a forest was impossible. But, being kept in 
relative youth, the ecosystems of the marine plankton always had produc- 
tion (information) to spare. And they had a neighboring ecosystem on the 
sea floor beneath them; the benthos. They exported information to these 
benthic neighbors in the familiar rain of corpses. The benthic community, 
being able to organize itself against a solid substrate, was more mature, a 
fact no doubt mirrored in that remarkable diversity of the fauna of the 
abyss which Sanders noted (Chapter 39). So the immature system, the 
plankton, exports information for the use of the more mature community, 
the benthos. 
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There is another widespread form of export of biomass (information) 
familiar to all naturalists: migration. Typically, migrations involve breed- 
ing in some seasonally productive part of the world, ahd living between 
breeding seasons in more stable places which, reasonably enough, have 
more species in them. From Margalef’s viewpoint, they may be said to do 
their growing (acquiring information) in immature systems, although they 
“belong’’ to more mature systems. The life histories of salmon illustrate 
this principle. They breed in the simple (immature) systems supported by 
inland streams, but they go down the river to spend much of their lives 
(and to do much of their growing) in the sea. On Margalef’s hypothesis, 
this is an export of information from the simple system of their birth, 
which certainly is a place of surplus productivity, to the more mature 
ecosystems of their adult lives. A sceptic might like to know whether the 
return journey up river might not convey more information back to 
the immature system than was taken out, since salmon do much of their 
growing out at sea. 

Margalef’s (1963) most widely read paper summarizing these ideas 
was called, “On certain unifying principles in ecology.” The unifying 
principles seemed peculiarly appealing because they rest on thermody- 
namics and can be expressed in formal mathematical terms through infor- 
mation theory. But, when looked at more closely, some may be found to 
lack profundity. The statement that information and negentropy develop 
during the course of succession, though elegant, is in reality no more than 
a statement of the original observations of succession themselves. A suc- 
cession starting from a bare field begins with very little mass and starts, as 
it must, with a simple community. To produce a complex ecosystem 
much work has to be done. This work organizes molecules, thus reducing 
the entropy of the system. It produces structure. The structured system so 
produced can be conveniently described by information theory, but this 
description does not in itself throw new light on the process of succes- 
sion. The “unifying” part of the Margalef hypothesis comes with the 
suggestion that information feedback in the evolving system becomes 
self-directing and self-organizing. The hypothesis then runs into grave 
theoretical and practical difficulties. 

The hypothesis requires the foregoing of present production by the 
young ecosystem to build up future benefit in information passed on. But 
what in truth is done with the present production whose consumption is 
apparently foregone? Some goes to decomposers; some is used to enable 
large plants to hold space; some accumulates as litter. Is litter or the phys- 
ical structure of trees to be thought of as “information,” as an organizing 
principle? Rather than support the hypothesis, the fact that production 
exceeds respiration in the early days of successions seems more to 
suggest that the equating of organic molecules with “information” is a 
dubious process. Organic molecules represent a low state of entropy in 
the system, all right, but they only become information if they can be 
read. Litter and unused biomass represent energy passed on, but not in- 
formation. This distinction is obvious when the export from the plankton 


to the benthos by gravity is considered; potential energy is passed on, and 
this is used by the benthos to produce negentropy and information, but 
the benthic organization itself cannot be said to have been passed down 
from the plankton. 

But the greatest difficulty with the Margalef hypothesis is its treatment 
of the ecosystem as the functional biological unit. His ecosystem is a unit 
which is thought to develop by so organizing itself that information is 
conserved and managed. But an ecosystem is no more than a conceptual 
device. There are no ecosystems which we can classify like species; 
something that was found out the hard way by the labors of the old plant 
sociologists. Tansley’s ecosystem was merely a convenient concept for 
empirical study. It is still no more. Animals, plants, and their physical 
habitat react on each other in ways that can be understood by systems 
theory and simulated by systems analysis. But ecosystems are built up by 
the immigrations and adjustments of the species that are their parts. They 
do not evolve during the process of succession. Margalef is led to think, 
and to write, about ecosystems being selected for. But natural selection 
does not choose between ecosystems, it chooses between individual liv- 
ing things. Group selection, as proposed by Wynne-Edwards to preserve 
group behavior, is hard enough to reconcile with the theory of natural 
selection (Chapter 33); Margalef seems to require that whole ecosystems, 
not just groups, be preserved by selection. | hesitate to say it, but there 
seems little in Margalef’s information theory approach to succession 
which was not incorporated in Clements’ superorganism. The two 
hypotheses describe the same wonderful organized beast, the one in 
forceful prose, the other in forceful mathematics. 


A satisfactory explanation of succession must be compatible with the 
theory of evolution by natural selection. It must fully recognize that the 
individuals and species which make up the communities of the various 
Stages exist, and are present in their regular place in the succession, 
because selection has preserved them as individuals. To drop into dis- 
torted metaphor, we may say that the forest is wonderful, but we must 
explain its wonder by looking at trees. 

To a field naturalist, the most evident and striking fact of succession is 
that species follow each other in regular and predictable order, first the 
familiar weeds of open fields, then the perennial herbs, the shrubs, and 
the successive communities of trees; or some equally familiar sequence 
of other successions. Individuals replace each other in regular array. 
Many of the adaptations of succeeding individuals to their appointed 
Positions can be readily understood. The pioneers are opportunists, able 
to disperse well and to occupy open ground. They are replaced by more 
Persistent plants, slower to move in, less adapted to the rigors of an open 
site, but more persistent when they do come. We may say that oppor- 
tunists colonize, but equilibrium species exploit. The facts of succession 
are the displacement of opportunists by equilibrium species. 

Opportunists are generalists, using their energy supplies to maintain 
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plastic physiology, unspecialized behavior, and expensive methods of 
widespread dispersion. This strategy pays by allowing them to exploit the 
energy received in habitats laid bare by catastrophe. But the habitats 
which they exploit are so short-lived, and the strategy of dispersal which 
they follow is so expensive in energy, that they must be as highly produc- 
tive as possible. Their energies cannot be diverted to such luxuries as 
woody stems and massive roots. Opportunists are thus, by their very strat- 
egies, not equipped to hold space or achieve lasting dominance. 

Equilibrium species are adapted to living in relatively predictable envi- 
ronments. They may adopt specialized physiologies and stereotyped 
responses, strategies that avoid using energy to build structures and pro- 
grams designed to meet emergencies which may never come. They need 
not be prepared to disperse rapidly and widely, either, so that their strat- 
egy does not require reserving so much energy for reproduction. They 
have energy available for what were luxuries to the opportunists, for 
building those massive structures and storage organs which give them the 
advantage in a long struggle. The extreme equilibrium species are those 
of the climax; plants which have won space and achieved lasting domi- 
nance, and specialized animals safe by reason that the parameters of their 
niches are unlikely to be changed. 

There is a continuum of strategies possible between those of the ex- 
treme opportunists and those of extreme equilibrium species. We can see 
various intercepts on this continuum in the familiar stages of the old field 
successions. The extreme pioneers, the annual plants, are the extreme op- 
portunists. They disperse magnificently, grow rapidly, and throw all their 
energies into seed production. Perennial herbs which replace them afford 
the luxury of underground storage organs. They must pay a cost in lesser 
dispersal powers, for which their arrival after the annual herbs is evi- 
dence, but they reap an energy return next spring when they occupy 
space before the annual plants may grow. Then come the successively 
increasing diversions of energy to holding space represented by the 
woody structures of shrubs and trees. 

Successions occur essentially because the surface of the earth has 
many uncertain, unpredictable living places, but also because it has other 
living places whose tomorrows may be forecast from experience of their 
yesterdays. Natural selection has promoted different strategies for survival 
in these two sorts of places, the strategies of opportunist and equilibrium 
species. If some rare event, like a plague of men, displaces the equilib- 
rium species of a place, opportunists may enjoy a few brief moments in 
the sun before the equilibrium species return, The predictability of suc- 
Cessions in any country is a function of the species list that accidents of 
history, geography, and evolution have provided, and the relative dis- 
persal powers of these species. 

The standard phenomena of succession can thus be seen to follow from 
this central fact, that opportunists must be displaced by equilibrium 
species. The high productivity of early stages is a consequence of the 
strategy of opportunists in requiring large energy reserves for dispersal. 


The increasing biomass of later stages reflects the luxuries of structure en- 
joyed by equilibrium species. The relative rise in respiration as succes- 
sion proceeds is a product of the maintenance that these nonproducing 
structures require. The closing of the nutrient cycle is another con- 
sequence of the luxury of building unproductive structures, in this in- 
stance a complex root network. 

But why does the number of species increase so much in the late stages 
of successions? The number must, of course, go up overall, because you 
start with none. But it does seem that the really large increase in numbers 
always happens late in successions, in the terminal phases that build the 
climax. Why should this be? The answer seems clear. There are more 
equilibrium species available. In Chapter 41 it was suggested that the 
places of greatest diversity were inhabited by equilibrium species, that 
these were numerous because the stability of their homes made ex- 
tinction unlikely, letting their numbers collect. Climax stages become 
staffed by many species because there are many equilibrium species 
available to staff them. The early successional stages are staffed by op- 
portunists, but opportunists are comparatively rare. 

As immigration to the climax formation from the large pool of equilib- 
rium species proceeds, so niches must be constrained, and so the 
parameters of niches represented by other living things become more im- 
portant. There are more and more of those interactions that Margalef saw 
as information, and Clements saw as organismal properties. Far from 
being organizing principles, these complex interactions are the necessary 
consequence of crowding more and more species into the same space. 

In the proper Darwinian view of ecology there is no organizing deter- 
ministic principle behind succession. Successions are not directed by 
some holistic process of the superorganism. Nor, and this is much more 
important to modern ecology, are they directed by negative feedbacks of 
ever-refining ecosystems. The ecosystem concept provides an under- 
standing of natural events, allowing, when very rough approximations are 
made, examinations of nature by systems analysis. But the ecosystem it- 
self has no biological identity. Complex ecosystems are the product of 
crowding many species into restricted spaces, of forcing them to live 
together and to adapt to each other’s presence. The successional phe- 
nomena which lead to complex ecosystems are fully explainable as the 
result of both opportunist and equilibrium species being maintained in 
any country. 


Men farm opportunist plants. They do so because opportunist plants grow 
well and swiftly on bare ground, and because such plants do not produce 
Massive inedible structures like vast networks of roots and spreading 
woody branches. Such plants put as much of their energy as they can into 
reproductive structures like the grains of cereals, providing the farmer 
with the concentrated food energies that make farming pay. Or men farm 
the only slightly less opportunistic plants of postpioneer but still early suc- 
Cession stages, those that divert their energies into underground storage 
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for growth in the spring, plants like sugar beets and potatoes. The essen- 
tial strategy of agriculture requires opportunist plants, since farmers have 
no use for plants that produce uneatable resistant structures with their 
energy reserves, and who then use these structures to maintain them- 
selves. Even in his orchard crops, man is concentrating on relatively op- 
portunistic plants. Fruits like apples and pears represent the massive in- 
vestment in dispersal of shrub-trees of middle succession stages, trees that 
do not survive in the climax forest. 

Everywhere, as man farms more and more of the earth, he drives suc- 
cessions back to early stages, removing the complex ecosystems of matu- 
rity as he goes. In doing so he acts as an agent of mass extinction, because 
he increasingly leaves no large undisturbed places behind where the 
plants and animals of the climax stages may persist. A world in which all 
successions are thrust back to immaturity is a world depauperate in 
species, because opportunistic species, all that are permitted to live in 
early successional stages, are rare. The plough is the most deadly agent of 
extinction ever devised; not even thermonuclear weapons pose such a 
threat to the beauty and diversity of life on earth. Not that encouraging 
early succession stages does not have aesthetic advantages, too. It cer- 
tainly increases the plant production that can be used by animals, which 
is why one animal, man, encourages them. Many familiar beasts benefit 
from the early successional stages made by farmers. The extraordinary 
abundance of sparrows and robins around farms or of whitetail deer in 
the United States, are testimony to this. So, of course, are our abounding 
rats. But if 5 percent of every country—5 percent of the good land, not 
just the desert places—were spared the plough, we could probably main- 
tain all the species we have inherited in local patches of climax, while 
driving the succession over the rest of it back to the highly productive pio- 
neer stages, 

But farming pioneer stages has some practical economic costs, too, the 
most unavoidable of which is probably the loss of nutrients. The nutrient 
cycles are not closed in plant communities that do not have massive ex- 
pensive structures, Farmers have to expend energy (of fossil fuels now- 
adays) to carry nutrients back to the land. The climax formation would 
have used the energy of the sun to do the same thing. 


The earth is made of patches; some hot, some cold; some high, some 
low; some wet, some dry; some seasonal; and some without seasons. In 
virtually all these earthly patches, life based on carbon chemistry is pos- 
sible; but different strategies, different adaptations, are required in each. 
There is divergence of character in different countries as selection favors 
those out of large families who are most suited to the local environment. 
But the earthly patches shift with time, both with the slow change of geo- 
logic process and by the swifter progress of changing climate. And the 
animals and plants themselves move. Populations whose characters have 
diverged are brought together somewhere along the blending borders of 
habitats, where diverged characters are both fixed and further separated 
by the process of character displacement. The mosaic of earthly patches 
becomes mirrored in a mosaic of species. 

On land, this initial richness or diversity of species caused by the 
earthly mosaic is physically enhanced by the complex structures of terres- 
trial plants. Mosaics are stacked on mosaics, providing new kinds of physi- 
cal homes for animals, multiplying the initial diversity many times. But in 
the sea, except among coastal algal beds and coral reefs, there are no 
large living structures to multiply the diversity of animals or epiphytic 
plants. This must go some way toward explaining the comparative 
Paucity of species in the open sea. 

The diversity resulting from mosaics overlaid on mosaics is then 
enhanced yet again by the trophic structure of the community; it is mul- 
tiplied by some fraction of the numbers of links in food chains (Hut- 
chinson, 1959). But this multiplication is never likely to be very large. 
Food chains are short, being kept short by the stern realities of the second 
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law of thermodynamics, so that the multiplier can usually only be three or 
four. And even this effect is muted because animals high on food chains 
have catholic tastes, feeding on many different kinds of the animals 
below them, and being much less diverse than their prey. So the addi- 
tional diversity introduced by trophic dynamics is bound to be small. 

So the patchiness of the earth takes us some way toward explaining the 
diversity of life; there is a mosaic of habitats, each habitat is made more 
physically diverse by the structures of plants, and the resulting diversity is 
then compounded by food chains. Some way; but not very far. The actual 
richness of species in the milder parts of the earth is such that any 
argument based on compounded environmental mosaics is uncon- 
vincing. A more complete explanation comes from reflecting on what 
actually happens when a new species does appear. 

A new species arrives in a community as an immigrant, entering a 
place that is already well-used by its ancient inhabitants. Most of the 
resources that the newcomer will need have been appropriated for some- 
one else’s use, so that ownership must be disputed. In the ensuing com- 
petition, the newcomer (or perhaps the original owner) may be elimi- 
nated according to the Lotka-Volterra-Gause model. But it is much more 
likely that the newcomer will not find itself in such direct competition 
with anyone, but will rather be competing for the marginal resources of a 
number of the original inhabitants. There will be a set of character dis- 
placements, allowing the original inhabitants to relinquish their margins 
without a fight, at the same time drawing boundaries for the newcomer’s 
niche. The diversity has been successfully increased by one species. And 
yet there has been no change in physical structure of the place, nor is it 
likely that the lengths of food chains have been altered. The increase in 
diversity has resulted from properties of the speciation process itself. 

If one species can be added to a community in this way, so can others. 
The history could be repeated again and again, leading to an indefinite 
increase in the number of species, and suggesting that there should be an 
almost infinite number of species on all the pleasant places of this ancient 
earth. But there are not infinite numbers of species, merely very large 
numbers. Something must limit this process for automatically increasing 
ea and we must ask the question, why are there not more species 
still? 

In some places the chances of becoming extinct may be so great that 
species may be lost to the community very quickly. Speciation will 
proceed, perhaps rapidly, but the number present at any one time is kept 
low. This should happen in places of unpredictable environmental haz- 
ard, places like estuaries, shallow lakes, arctic latitudes, and the tops of 
high mountains. These are all places known to support few species, for all 
that some of them may be fertile and teaming with life. In the equatorial 
lowlands, however, where predictable comfort is the order of existence, 
we find the greatest diversity of all. The numbers of species there may not 
be infinite, but they are apt to seem so to a visiting naturalist from the tem- 
perate North. 


Yet there must be still other mechanisms operating to limit species 
number, because the diversities of some kinds of animals and plants are 
not nearly so influenced by environmental hazard as are others. The 
diversity of birds from place to place does not vary so dramatically as, for 
instance, the diversity of plants and insects. There are more kinds of birds 
in the tropics of course, but you can explain much of the difference by the 
more complex physical structure of tropical forests (MacArthur's foliage 
height diversity, Chapter 39). Even without making allowance for the size 
of tropical trees, the increased number of birds does not overwhelm the 
naturalist as does the diversity of other groups. Whittaker (1969) notes 
that whereas the diversity of birds may increase only modestly from a 
boreal forest through a hardwood forest to the tropical rain forest, there 
may be three species of tree in the boreal forest, 30 in the temperate 
hardwood forest, and 300 in the rain forest. Clearly bird species are sub- 
jected to limits that are not applied so harshly to trees, and these limits 
apply nearly as strongly in the unstable climates of the North as they do in 
tropical lowlands. An ecologist explains this by saying that birds compete 
strongly for food, and are able to press their competition far and wide 
through their ability to fly, so that the possibilities for speciation are 
limited to very few parameters of the niche (which makes the broken stick 
model so attractive). You can tell the distinctness of many a bird’s niche 
by measuring its bill (Chapter 39). The restrictions on numbers of different 
sizes and shapes of bill that can exist in the tropics are still those that limit 
the numbers and shapes of bill size in the North, with the result that we 
have roughly similar numbers of bird species in each place. The actual 
number of species seems to be set by the mechanical possibilities of 
being a flying forager. 

Similar restrictions on within-habitat diversity, though doubtless not so 
restraining, probably apply to most vertebrates, but there are also the pos- 
sibilities for between-habitat diversity which less motile animals can 
perhaps better exploit. If the limits of niche size preclude more animals 
from sharing a habitat, some can often work their character displace- 
ments by specializing physically in a smaller part of the habitat. We 
should perhaps expect more regional differences in diversity among 
walking vertebrates than among birds. 

The very great diversity of plants has perhaps long been one of the 
more remarkable oddities of nature. Plants are so fixed, so obviously liv- 
ing side by side that it has not been so easy to understand how they can 
be living in different ways. Why are there many kinds of grass in a pasture 
or many kinds of trees in a tropical forest? We seem to see the answer to 
this in the special ways which plants have been forced to adopt to defend 
themselves against being eaten. They are unable to move, apparently as 
vulnerable to an animal wanting a meal as the proverbial sitting duck is to 
aman with a gun. But plants have developed defense mechanisms all the 
same, obvious ones like thorns, more subtle ones like making seeds at- 
tractive to parrots so that some may be carried clear of the waiting insects 
to a place where they may germinate in safety (Chapter 34), and more 
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subtle ones still, like making themselves taste nasty. Plants have long 
been known to contain varieties of curious compounds, often toxic, 
noxious compounds like the plant alkaloids on which medieval poisoners 
based their art, but which have no known physiological function. It seems 
likely that these compounds serve to make the plant uneatable to most 
animals, something for which the selective advantage is obvious. But 
selection has then favored animals that have been able to eat the plant in 
spite of the poison. Animals become specialists in eating particular 
plants; the plants, on an evolutionary time scale, respond with new 
poisons. New plant species are being made constantly as individuals 
occur which are inedible to the animals that ate the parental stock, and 
new species of herbivorous insects are evolved as fast to eat them. A simi- 
lar game is played between dispersing seeds and the hunting skills of seed 
predators. Both processes should go on virtually indefinitely, being offset 
only by random extinction. In ancient equable tropics they lead to the 
bewildering numbers of species of both insects and plants which we see. 
The actual number is essentially a function of the time for which the 
tropical land has endured, and this is the result of geologic process. 

So the answer given by ecologists to their discipline’s greatest question, 
‘Why does the world contain the number of kinds of plants and animals 
which it does?”’, is complex. It is that speciation will proceed indefinitely 
as organisms move about, diverge, and are then confronted with each 
other again. But some parts of the earth have such unpredictable cli- 
mates, or such ephemeral states, that the inhabitants have hazardous lives 
and may easily become extinct. An equilibrium between speciation and 
extinction is obtained with relatively few species being present. In addi- 
tion, there are ways of life, like those of birds, so restrictive that speciation 
by character displacement becomes difficult and slow. An equilibrium 
between extinction and speciation can then be attained with relatively 
low numbers even in the less hazardous equable places. But a third group 
of organisms, particularly including plants and insects, can maintain high 
rates of speciation even in communities that are already richly diverse. 
Perhaps these should be called evasive species, because evading per- 
secutors is more important to their founding than avoiding competitors. 
Limits are set to the numbers of such evasive species only by chance nat- 
ural upheavals that cause widespread catastrophe. The emergence of 
technological man is probably the most destructive of this kind of natural 
upheaval in all the history of life, enabling us to witness the greatest mass 
extinction that the geological records of the future will hold. An epoch or 
two must pass before our inherited richness is replaced. 

A diverse community is thus built by a process of accretion. Species are 
forced by character displacement to refine their strategies, to accept 
limits, so that they avoid competition or evade persecutors. Yet all the 
individuals living in one place must share alike energy and raw materials, 
taking in turns their unique gulps at the flowing energy, but holding raw 
materials only briefly before passing them on to others. It follows that the 
animals and plants of a place must function together as a natural system, 


a splendid engine, doing work, driven by the unceasing radiations of the 
sun. It should have been possible to deduce the existence of ecosystems 
as soon as the distinctness of species and the theory of evolution by natu- 
ral selection were widely understood. If only we had! We should then 
have had to our credit an intellectual tour de force the equivalent of Ein- 
stein’s. But instead we had to discover the existence of ecosystems the 
hard and patient way; through geography and the analysis of communi- 
ties. Even after we had clearly realized that natural communities func- 
tioned as systems, we still had to obfuscate the simple mechanical inevi- 
tability of them with quasi-philosophies that gave them lives of their own. 
Gifted ecologists have been led into intellectual heresies about su- 
perorganisms or self-organization. But an ecosystem is no more than the 
dynamic sum of its dynamic parts. When the parts are most numerous, an 
ecosystem should be most stable. But its stability is also affected by the 
stability of the physical world in which it is placed. These two things are 
enough by themselves to explain its wonderful properties. 

The understanding we have thus built up of the working of ecosystems 
and the grand diversity of life of which they are properties comes ultimately 
from examining the strategies that animals and plants have adopted to 
win resources. If you avoid competition or evade a persecutor, you are 
adopting a strategy of life. Natural selection chooses between strategies, 
always giving the advantage to that strategy which leaves most viable off- 
spring. Increasing diversity is a process of fitting together strategies. The 
result of this fitting together we understand by our concept of the 
ecosystem. It follows, then, that an ecologist setting out to learn the work- 
ings of some part of the natural world must study the strategies of individ- 
ual species. The question he must ask himself is: What are the tricks used 
to turn resources into babies? This is the rewarding way to approach aut- 
ecology. It is also the approach used by those who have made the great 
advances of ecology in the last few years. 

The study of habit and habitat, the defined subject matter of ecology, is 
necessarily a study of fitness for a way of life. But fitness, in a Darwinian 
sense, is measured by the ability to produce young which themselves sur- 
vive to reproduce, and success in this endeavor is dependent on adopting 
a successful strategy for obtaining resources. The outcome of this logic 
has led to an explanation of the rich diversity of life. Now also many 
perplexing details, particularly of behavior, are beginning to yield to it. 
Jantzen explained the diversity of rain-forest trees in terms of their strate- 
gies for getting seeds to where the waiting predators could not find them, 
and Harper showed that herbs and insects have developed strategies for 
their games of hide-and-seek (Chapter 34). Probably much of the behav- 
ior that Wynne-Edwards suggested might be the product of group selec- 
tion (Chapter 33) will shortly be shown to reflect strategies of individuals. 
Consider the group action of penguins jumping into the water together; 
why this social custom? If there is a leopard seal in the water, the 
individual’s chance of survival goes up if he is in a crowd, so it is better to 
Jump with the crowd, even though you know there is a leopard seal 
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below the rock. The social behavior has been evolved because the 
favored strategies of individuals are to act with the crowd. 

Reflections on the strategies of individuals can also lead to new under- 
standings of the ways in which numbers are limited. Compare again the 
strategies of opportunist and equilibrium species. An opportunist strategy 
for life in a temporary place or an hazardous place must have a contin- 
gency plan for dispersion. Babies must not only be numerous, as they 
must be for all kinds of life, but they must be wanderers, whether 
dangling under a pappus like a dandelion seed or flying like a grasshop- 
per. Many must be lost, and so they must be small. The special qualities 
of the opportunist species which result are the vital ingredients in that 
striking phenomenon of ecological succession (Chapter 39). The same 
special qualities make possible extremely rapid population growth, 
leading to characteristic plagues of opportunistic species in margina! hab- 
itats. The mass death of such plague irruptions is always certain, a 
density-independent death of the kind which stimulated the philosophy 
of Andrewartha and Birch (Chapter 27). But, as my colleague Jerry 
Downhower points out, these very opportunist strategies may also be 
seen as promoting density-dependent controls. The strategy of oppor- 
tunism means that you must be ready to take advantage of a good breed- 
ing opportunity with the maximum of young; but, if the resource fails, 
you must get through the most young possible at the time. The best way of 
adapting the number of young to this fluctuating resource is by some 
feedback mechanism, to whit, density-dependence. Large families and 
density-dependent control are the essence of the Lotka-Volterra equa- 
tions, as they must also be for opportunist species. But, if you are an equi- 
librium species adopting a strategy suitable for a place of predictable 
resource, it is in your interest to evolve a family size preadapted to the 
size of the expected resource. A true feedback of information to the 
growing young, as applied by a density-dependent control, must always 
involve the loss of some individuals. This is wasteful. A strategy that in- 
stead puts all the resource into babies that are going to survive will leave 
the most surviving offspring, and may be expected to replace a strategy 
that depends on negative feedback after the young are born. This is pre- 
sumably the explanation of Lack’s (1968) observation that northern birds 
have larger clutches of eggs than southern birds. The northern birds are 
more opportunist, must rely more on density dependence to adapt their 
family size to the resources, and so must lay more eggs. But in the 
equable sourthern regions, natural selection has favored those individuals 
who lay just the number of eggs which the regular resource allows them 
to rear. These southern birds avoid the cost in lost babies of density- 
dependent restraints, leave more descendents to reproduce next year, 
and so are favored. Much of the controversy between the density-depen- 
dent and density-independent schools of thought would have been 
avoided if population size was always seen as the consequence of the his- 
tory of resources and the strategies that this history made necessary. Pop- 
ulations must tend to be stable when resources are stable, but to fluctuate 
when resources fluctuate. 


Ecology is reaching some sort of plateau in explaining the grander 
ecological phenomena; of successions, of biogeography, of the existence 
of species, and of the number of species; a plateau in its understanding of 
the distribution and abundance of life. Behind all the answers we give lies 
the realization that living things are the embodiment of strategies adopted 
to obtain resources. Darwin gave us our first awareness. Lotka, Volterra, 
and Gause passed on the torch. The natural order that was the product of 
individual strategies was revealed by analytical minds like those of Elton 
and Tansley. And now, with the main patterns of the natural world clearly 
understood, a spate of students is applying the science of strategy to bring 
the remaining perplexities tumbling before reason. 


But in every ecologist’s mind is the worry about the strategies for 
collecting resources now being adopted by the most formidable animal of 
all. Man alone can change his niche without speciating, can adopt dif- 
ferent strategies at will. An ecologist sees the very triumph of man over all 
other animals as being due to this ability to change his niche. From 
hunting and gathering, to herding, then farming, the city state and the 
great nation, an ecologist sees the human advance as being the fruits of a 
continual revision of the human niche. At every stage more energy has 
been won, more competing animals have been displaced, more 
resources have been made available, and it has been possible to breed 
more men to enjoy them. There has also come about a great broadening 
of the human niche, so that very many resources can be enjoyed by one 
man, giving wonderful possibilities for varied lives and self-fulfillment. 
Yet the promise of such lives for the men of the future is in jeopardy 
because of our inherited strategy for collecting resources only for the next 
meal. Like other animals we adopt the family size that the resources of the 
moment suggest can be fed, or that we can afford, and we are prepared to 
subvert whatever resources may be at hand so that we may continue this 
breeding strategy, regardless of the consequences for future generations. 
The time is already on us when our dreams of providing the widened way 
of life for all our people is being thwarted because there are not enough 
resources to go round, because the carrying capacity of our living space is 
Not enough to provide a broadened niche for all the men who now exist. 
In every nation on the earth the birthrate exceeds the death rate and pop- 
ulations continue to rise. In the past this has not mattered because the 
very dynamism of our expansion has won both the resources for more 
people and a widened niche for at least some of them. But now the size of 
Our inherited crowds is such that the space for more wide-ranging lives is 
not available. If we still let our numbers go up we must herd together in 
Monotony, knowing that what is possible for today’s men will not be pos- 
sible for their grandchildren and the generations beyond. 

The increased activities, and rising numbers of men, do not pose a 
threat of imminent catastrophe. The oxygen of the atmosphere is not at 
tisk. Carbon dioxide and pollutants discharged into the air are unlikely to 
Start a new Ice Age, and if they do it does not matter very much for the 
coming and going of Ice Ages are normal parts of the long-term human 
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heritage. The contemporary worries about polluted lakes and smelly 
cities are trivial matters that can easily be put right. There is no danger 
that the toxic chemicals we use and waste can end life on earth, even 
though pesticides may well end forms of life we value. The prospect of 
more widespread famine, as we approach some theoretical upper limit to 
the world’s food supply, is still some.decades off; perhaps even a few 
generations away. It is true that many of the promises of plenty, which 
agriculturalists and others have put forward, are as false as the threats of 
catastrophe themselves. The oceans are not a rich productive resource 
waiting to be tapped but deserts that cannot be profitably farmed. Many a 
scheme for ploughing virgin lands will result in fresh deserts of the dust- 
bowl variety. Algae are no more productive than other plants, so that 
there can be no marvelous increase in the world’s food supply through 
algal culture. Yet the world’s food can probably be increased several 
times by efficiently farming all the land that can be farmed. Famine there 
will be, just as there is at the moment when millions probably die of mal- 
nutrition every year. There will be increasing millions dead from hunger 
as peoples crowd more and more in the decades ahead, but those in the 
better-off countries can continue to ignore them, as they have done up to 
now. It is thus not sudden disaster, or crushing hunger, which we must 
fear, but a steady and perhaps irreparable loss of our chances for a satis- 
fying life. 

Our strategy of choosing the family size that each individual couple 
can afford can be continued for two or three generations more without 
sudden natural catastrophe, but only if governments are ruthless and 
strong, rationing resources, regimenting dissenters who do not like their 
rations, acting as if nothing matters but feeding families that are being 
freely born now. It will then soon come about that there are, say, 1000 
million Americans, 100 million Englishmen, and peoples of other coun- 
tries in proportion. The game refuges will have gone, the last wild places 
will have been subdued, the cities will be compact and space saving, and 
the looks of all the lands will be dictated by the needs of the food plants. 
The human niche will have been changed once again as every individual 
accepts his simple, meatless diet, and his synthetic surroundings, denying 
himself the beauties of adventure and the wild places, adapting his spirit 
to the knowledge that a wider life cannot be lived by his children or those 
who will come after. 

Those vast populations being prepared for us such a little time ahead 
will, of course, only be able to maintain even their spiritually impover- 
ished existence by finally accepting breeding restraints. If we, who have 
so much to win, cannot change our breeding strategy now, why should 
they, who will have lost almost everything of which men can be proud, 
be able to do it then? The thing has to be started soon. Fortunately, the 
crowding of men who have been taught to believe that a better life is pos- 
sible, will produce social upheavals under whose pressures historic 
human attitudes can change. There may be revolutions, tyranny, and wat. 
In the politics that they bring about may lie our best hopes for altering the 


pattern of breeding that has served well enough in the past, but that will 
only serve us ill now. Man, the only animal to change his niche at will, 
must become the only animal to accept a voluntary restriction of his fam- 
ily size to something well below what he thinks he can afford. When an 
ecologist is asked by those who have received but garbled accounts of 
trouble to come, ‘What can | do to help?” the only useful answer he can 
give is, ‘Make sure you have no more than two children yourself and try 
to persuade your friends to do the same.” 
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Abundance, birds of Quaker Run Valley, 512 
(figure) 
log normal distribution, 513 ff 
opportunist species, 517 
relative, 510 
Accumulators 
Term used for pioneer plants whose activities 
enrich habitat with nutrients, 559 
ACTH, 493 
Adrenal Glands, general adaptation syndrome, 
458 
lemming cycles, 493 
Wynne-Edwards hypothesis, 466 
Adrenocorticotrophic hormone, 493 
Aestivation, 280 
Age class, 370 
Aging animals, 372 
Agriculture, efficiency of, 154, 157, 158 
fallowing, 212 
soil and, 50, 201 
Air, maintenance of (Chapter 16), 219 ff 
Algae, blue-green, 267 
diatoms, log-normal distribution, 513 ff 
duckweed (Lemna), 184 
food source, 159 
kelp production, 164 
microcosms, 557 ff 
nitrogen fixing, 267 
* The asterisk after a page number indicates pages on which there 
are color plates. 


polluted lakes, 256 ff 
productivity 158 ff, 236 
Sargasso weed, 184, 236 
small size of nannoplankton, 185, 560 
world oxygen budget in, 223 
Algal blooms, 269 
Algal culture, 158 ff 
Allelopathic substance 
Secretion or excretion which has an inhibitory 
effect on other organisms. 
Allen, J. A., on zoogeography, 52 ff 
Allopatry 
“Other country.” Used of species of populations 
living in geographical isolation from each 
other, when they may show divergence of 
character. 
Allerd oscillation, 100 
American Indians, ecological history, 111 ff 
Anaerobic 
“Without oxygen.” Of species which live without 
free oxygen, or of environments. 
Analog computer argument, 328 
and necessity of exclusion principle, 395 
applied to Gause experiments, 338 
applied to island studies, 406 
Andrewartha, H. G., and L. C. Birch, criticize 
competition concept, 302 
grasshopper outbreaks, 383 
green-earth argument, 389, 501 
population theory of, 388, 499, 501 
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Andrewartha, H. G., and L. C. Birch: (Continued) 
strategies of opportunists, 576 
thrips irruptions, 385 
Andrews, R. V., on ACTH in crowded lemmings, 
493 ff 
Antibiotics, 303 
Arctic fox, population fluctuations, 484 ff 
(figure) 
Arctic period, 93, 100 
Assimilation 
Synthesis of protoplasm and other complex 
substances. 
Associations, 62 
pollen analysts view, 106 
possibility of a classification, 69 
Aswan dam, 201 
Atlantic period, 93, 97 
Atmosphere, recycling, 266 
self-cleaning, 263 
Aufwuchs 
Organisms that live on stems of submerged 
plants. Synonym “periphyton.” 
Australia, grasshopper, see Austroicetes 
magpie, 449 
pest outbreaks, 382 ff 
thrips, see Thrips imaginis 
Austroicetes, distribution, 391 
irruptions, 382 
life cycle, 383 
Autecology, 3, 277 
Autochthonous 
Made in situ, as “autochthonous peat,” which is 
made from plants living at site. Opposite to 
“allochthonous.” 
Autotroph 
Organism able to synthesize its own food from 
solar energy, typically a green plant. 
Ayala, F. J., on competitive exclusion, 337 ff 
Azolla, 354 (figure) 
Galapagos history, 353 


Bacterial flocs, 266 
Balance of nature, problem of, 360 
Barnacles, competition in, 306 
Beech-Maple Association, 62 ff 
Benthos 

Aquatic communities of animals and plants fixed 

to the bottom. 

Bergman’s rule, 288 
Bering land bridge, 111 ff 

map, 111 
Biochore, 123 


Biogeocenose, 123 
Biological control, 410 ff, 472 ff 

klamath weed, 475 

Opuntia, 474 

prickly pear, 474 

St. Johns wort, 475 

scale insects, 410 ff 

Biome, 57 
Biosphere, 210 
unity of, 198 
Biotic association, 123 
Biotic district, 123 
Biotic potential, alternative term for ‘intrinsic 
natural rate of increase,’ 312 
Biotic province, 
Bird song, functions of (Chapter 31), 444 ff 
Birth control in nature excluded, 365 
Bison, as dominant animal, 122 
Blytt-Sernander chronology, 93, 94 
test by pollen analysis, 95, 100 
B.O.D. 

Biological Oxygen Demand. Used in studies of 
natural waters as a measure of reduction and 
pollution. Techniques are to measure dissolved 
gases (as in productivity work) after bottles of 
water have been standing at known 
temperature for known time. Bacteria have 
then reduced oxygen in rough proportion 
to the organic matter in the bottles. 

Bodenheimer, F. S., on competition in fruit flies, 
316 ff 
Boreal forest, described, 10-11 

figure, 11 

soils of, 46 

nutrient cycles in, 203 

Boreal period, 93, 97 
Boyce, J., Tribolium experiments, 324 
Brachiopods, diversity gradient, 539 


Braun-Blanget, J., method of describing vegetation, , 
63 ff 

Braun, L., on history of American forests, 
102 ff 


British school of phytosociology, 123 

Broeker, W., on oxygen budget, 224 

Bromeliad, 284, (figure) 281 

Brown earth, described, 47* 

Brown, J. L., critique of territory as population 
check, 449 

Brown, W. L., on character displacement, 
351 

Bryson, R., on correspondence of air masses with 
formation boundaries, 39-42 


OUR ttm 


Camels, adaptation to drought, 284-285, 287 
Carbon dioxide, atmospheric, 224 ff 

limit to photosynthesis, 151, 158 
Carbon cycle, 224 ff 
Carrick, R., territory in Australian magpies, 449 
Caughley, G., on Kaibab deer herd, 399 ff 
Census, 370 ff 

birds, 361 

birds of Quaker Run (by habitat), 525 

birds of Quaker Run (table), 511 

moths by light trap, 510 

plants, 66 ff 

techniques, 372 

wildebeest, 406 
Chamaephite, 

Plant with renewal bud near ground 

(surface plant), a Raunkiaer life form. 


Chapman, R. N., on environmental resistence, 311 


Tribolium experiments, 320 ff 
Character displacement, 351 
Galapagos finches, 352 
nuthatches, 350 
opportunistic species, 395 
Paramecia, 351 
speciation, 350 ff 
Strategies refined by, 574 
Character species, 65 
Chemical inhibitors, 304 
Chernozem, 47* 
Chitty, D., on population cycles, 493 
Christian, J. C., crowding rats on, 459 
hypothesis of social stress (Chapter 32), 458 ff 
lemming cycles on, 492 ff 
social dominance on, 454 
Circumpolar zones, law of, 52 
Cladocera, 528, 530 (figures) 
fossil communities in lakes, 527 ff 
Clay minerals, 201-202 
Climate, Bering land bridge, 113 
ecosystems, relation to, 125 
K6ppen classification of, 21 
lemming cycles, role in, 489 ff 
Pollen evidence for, 94 ff 
pollution and, 227 
soil, influence on, 48 ff 
world map of, 22-23 
Climax, 77 
British hydroseres, 90 
diversity in, 536 
equilibrium species in, 567 ff 
Gleason, views of, 86 ff 
polyclimax, 86, 551 
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production declines in, 556 ff 
reviewed, 550 ff 
supposed organismal quality of, 79, 551 
Clements, F. E., on ecological succession, 79 ff, 
550 
facsimile of writings, 87 
ideas in limnology, 254 
Clutch size, 576 
snowy owls, 485 
Cohen, J., on balls and buckets model, 529 
on broken stick distributions, 529 ff 
Cohort, 370 
Commensalism 
Living together of two or more organisms, 
benefitting one, harming none. Term is 
virtually synonymous with “symbiosis.” 
Commonness (Chapter 37), 510 ff 
caused by random process, 532 
Community 
A general collective term to describe the varieties 
of organisms living together. 
animal communities, 130 ff 
introduced in Chapter 5, 62 ff 
Competition, American game refuge in, 302, 307 
barley, 303 
barnacles, 306 
Californian shrubs, 304 
concept introduced (Chapter 21) 300 ff 
copepods, 302 
decomposers, 303 
Drosophila, 316 
for food, 320 
forest strategies and, 557 
goats and tortoises, 300 
interspecific (Chapter 23) 330 ff 
intraspecific, 305 
laboratory studies ambiguous, 327 ff 
models of, 332 
Paramecium, 310 ff, 334 ff 
plant succession, 305 
regulating numbers, review (Chapter 36) 498 ff 
squirrels in Britain, 301 
sympatric species avoid, 343 ff 
territorial behavior avoids, 447 
Tribolium, 320 ff 
walnut trees, 303 
Competitive exclusion, 337 
Ayala, objection of, 337 
Darwins finches in, 352 
Galapagos Azolla, inferred for, 353 
Lack’s tests of, 343 
nuthatches, 350 
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Competitive exclusion (Continued) 
opportunist species, 394 ff 
speciation in, 351 ff 
test needed, 339 
test by taxonomy, 342 
Complexity, stability and, 237 
succession increases, 562 ff 
Computer simulation, DDT cycles, 271 
ecosystems, 241 ff 
fish catches, 242 (figure) 
predation, 439 ff 
Cone shells, sympatric, 346 (figure) 
Connell, J. H., on competition, 306 
on productivity and diversity, 542 ff 
on rigor and diversity, 535 
Constant species, 68 
Consumers, primary, 168 
Continuum analysis, 70, see Gradient analysis 
Convergent evolution, 52 
Cooke, G. D., on succession in microcosms, 557 ff 
Copepods, competition, 302 
feeding of, 171 ff 
fugitive and equilibrium species, 393 
sympatric, 349 
table, 174 
vertical migration, 469 
Copper basin, 264 
Coprophagy 
Eating feces of other animals. 
Cormorants, competition avoided by, 343 
Coupled oscillations, arctic animals, 486 ff 
Gause experiments, 424 
lemming cycle, possibilities, 486 ff 
Lotka-Volterra equations, 421, 422 
microcosms, 424 ff 
mite-predator mite, 428 
Paramecium-Didinium, 424 
wasp-weevil, 426 
Cover-abundance index, 63, 64 
Cowles, H. S., on ecological succession, 75 
Crash (population), 459 
deer, 460 
hares, 460 
lemmings, 492 
Crowding, physiological effects of, 461 
Wynne-Edwards hypothesis, 464 
Cryptophyte 
Plant with renewal bud buried (hidden plant) a 
Raunkiaer life form, also hemi-cryptophyte, 
plant usually growing as a tussock. 
Cryptozoa : 


Animals living between litter and soil. They 
may be sampled by placing boards on the 
ground under which they gather. (lit. 
hidden animals.) 

Cycle, carbon, 224 ff 

geochemical, 205 ff 

lemming (Chapter 35), 482 ff 

nitrogen (Chapter 15), 212 ff 

nutrients in temperate forest, 203 

nutrients in tropical forest, 200 

oxygen, 223-224 

phosphorus, 206 ff 

rodents (Chapter 35), 482 ff 
sodium, 203-206 
sulfur, 220 ff 


Dams, on rivers, adverse effect, 201 
Dansereau, P., symbols describing vegetation, 25 
Darwin, C., on regulation of plant numbers, 475 
on struggle for existence, 498 
Deamination, 212 
De Candolle, biographical note, 14 
hypothesis of formation boundaries, 16-17 
and K6ppen system, 17, 21 
isotherm map, 20 
Deciduous forest, see temperate deciduous forest 
Decomposers, competition in, 303 
D.D.E., 270 | 
D.D.T., 270 
cause of pest outbreaks, 413 ff 
computer simulation, 271 | 
cycled in biosphere, 210 | 
food chains in, 137, 210 
lakes in, 256 ff, 265 ff 
Persistence of, 270 
selectively kills insect predators, 414 ff 
Deep scattering layer, 468 
figure, 469 | 
hypotheses to explain, 469 
Deer, predation on (Chapter 28), 398 ff 
Deevey, E. S., on history of lakes, 251 ff 
on life tables, 373 ff | 
pollen diagram for New England, 107, 253 
on rodent cycles, 482 
On survivorship, 374 | 
Denitrifying bacteria, 216, 217 | 
Density dependence, hypothesis (Chapter 25), | 
358 ff | 
introduced, 316, 327 
Opportunism promotes, 576 | 
regulating numbers, review (Chapter 36), 498 ff | 


ial 


responses by predators, 431 ff 
thrips in, 387 
Desert animals, 280 ff, 287 
Australian grasshoppers, 382, 391 
Desert soils, 47 
Detergents, 260, 271 
Diapause, 382 
Diaptomus, 302 
Diatoms, figure, 515 
log-normal distributions, 513 
Didinium, 423 
Dimictic lakes 
Lakes with two overturns of free mixing each 
year. 
Dismal swamp, pollen history of, 105-109 
Displacement, 350 ff 
see Character displacement 
Diversity (Chapter 39), 534 ff 
accumulation of, 544, 546 ff 
alpha and beta, 542 
between habitat, 541 
biometric postulate, 540 
birds reviewed, 573 
community, 574 
deep sea floors, 544 
geologic past, 539 (figure) 
Sradient, 534, 538 ff 
hazard gradients and, 544 
ice-ages and, 538 ff 
mosaic, 571 
niche size and, 540 ff 
plants reviewed, 573-574 
productivity and, 542 ff 
rigor and, 535 
specialized feeding leads to, 547 
speciation and, 572 
stability-time hypothesis, 545 
structure and, 536 
taxonomic differences, 573 
unpalatability and, 547 
within habitat, 541, 573 
Dokouchaiev, V. V., on classification of soils, 46 


Dominance, social, 454, see Ecological dominance 


Downhower, J., on opportunism and 
density-dependence, 578 
Drosophila, competition in, 316 ff 
figure, 319 
Dryas, older, 100 
younger, 100 
Du Rietz, G. £., methods of vegetation analysis, 
66 ff 
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Ecological dominance, 62 
animal communities in, 116, 122 
broken stick model and, 527 
efficiency in achieving, 158 
log-normal distributions and, 517, 518 
reasons for, 551 ff 
seed predation, effect of, 479 
tropical forests in, 552 
Ecological efficiency, 147, 154, 171 see Efficiency 
Ecological succession, (Chapter 6), 72 ff, (Chapter 
40, review), 550 ff 
African game animals, 120-122 
animal communities in, 116 ff 
biomass maximized, 560 ff 
Clement's views, 79 ff, 551 
critique, 88 ff, 550 ff 
competition in, 305 
complexity increased, 562 ff 
Cowles investigations, 75 ff 
Cowles work, critique of, 85 ff, 550 ff 
diversity in pioneer stages, 536 
ecological efficiency in, 554 ff 
explained as opportunists being replaced, 567 ff 
fish in aging ponds, 117 ff 
food production and, 570 ff 
Gleason’s views, 86 ff, 551 
hydrarch, 74, 90 
information hypothesis, 564 ff 
Lake Michigan sand dunes, 75, 76, 116 
Lindeman hypothesis, 555 
microcosms, 119, 557 ff 
nutrients enriched in, 559 ff 
Odum hypothesis, 554, 561, 562 
opportunists replaced in, 394 
pollution, effects on, 269 ff 
pond, round a, 73, 90 
primary, 77 
protozoa in culture, 118 ff 
radiation, effects on, 269 
rocks on, 74 
secondary, 77-88 
seral stage, 74 
Shelford’s investigations, 116 ff 
Woodruff’s investigations, 118 ff 
xerarch, 74 
Ecology, defined, 2 
Ecosystem, abstract concept, 296 
balance of nature in, 503 
complexity and stability of, 564 ff, 237 ff 
descriptions, 244 _ 
Eltonian principles in, 142 
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Ecosystem (Continued) 
Geographical relationship, 125 
“goals’’ of organization, 553, 564 ff 
hydraulic analogy, 232 ff 
introduced, 123 
lakes as (Chapter 18), 247 ff, 553 
modelling (Chapter 17), 230 ff 
radiation effects on, 269 
stability of, 237 ff, 564 ff 
systems, analysis of, 240 ff, 260 
Tansley’s introduction (facimile) 124 
Ecotone 
Transition zone between communities as at 
boundary between prairie and forest. A 
steeper gradient than usual. In practice 
ecotones, as edges, are mostly made by 
agriculture and landscaping. Ecotones often 
are rich in species as they receive immigrants 
from both sides. This has long been known to 
game managers as the “edge effect.” 
Ecotype 
Locally adapted population of widespread 
species. 
Edaphic 
Constrained by soil conditions. 
Edmondson, W. T., life table for rotifers, 373 
Efficiency, agricultural crops, 154, 157, 212 
algae, 159 
animal, 169 
controversial estimates, 178 
digestion as cause of vertical migration, 469 
ecological of plants, 147 
growth, 171 
laboratory measurement, 149 ff 
Lindeman, 170, 171, 554 
marine trophic levels, 186 
population, 171, 179 
predators, 431 ff 
primary production, 164 (table) 
succession postulated to maximize, 554 ff 
trophic level, 175 ff 
Elton, Charles, on community structure, 130 ff 
on copepod competition, 302 
on lemming cycles, 483 ff 
on squirrel invasion, 301 
on teaching animal ecology, 116 
Eltonian principles, 142 
history from, 141, 504 
Eltonian pyramid, see Pyramid of numbers 
Energy, animal transformation, 168 ff 
balance in animals, 286-291 


balance in plants, 291-292 

birth rates set by, 370 

cascade, 230 

caterpillar grazing, costs, 477 

diversity, observed not set by, 543 

flow through ecosystems, 230 ff 

flow through food chains, 138 ff 

flow in lakes, 138, 254 

forms of plants explained, 295 

heat budgets, 285 ff 

plant transformation, 146 ff 

pollution and, 271 ff 

potential in dissolved substance (Chapter 13), 

190 ff 

pyramid of, 139 

territorial behavior conserves, 446 
Entropy, in Margalef model of succession 

maximizing information, 564 ff 

Environmental resistance, 311, 312 
Eolian deposit 

Brought and deposited by wind. 
Epideictic display, 465 
Epifauna 

Part of the benthos living on the mud surface. 
Epilimnion, 248 
Epiphyte, defined, 8 

similar to desert plants, 280 ff 
Equilibrium species, 392 

log-normal distributions of, 517 


replace opportunists to cause succession, 567 ff 


Errington, P., on predation in musk rats, 402 ff 
on social dominance in musk rats, 455 
Erie, Lake, pollution, 257, 259 
Estuaries, low diversity in, 544 
Ethylquinone, 324, 558 
Eury-, 277-278 
Eurytemora, 302 
Eutrophic lake, 250 
Eutrophication, 258 
cultural, 258 
Evasive species, 574 


Exclusion principle, 337, see Competitive exclusion 


Extinction, observed diversity and, 572 
pollution threat, 268, 270 
predator-prey systems in, 430 
technology threat, 574 
unpredictable environment and, 546 


Faithful species, in Uppsala system, 68 
in Zurich-Montpelier system, 65 
Fallowing, 212 


Farming oceans, nutrients for, 201 
prospects, 164 
unrealistic, 187 
Farming and succession, 570 
Fecundity, 326 
Feeding rates, copepods, 171 
tubificids, 170 
Feral 
Domestic plants or animals living as escapes and 
subject to natural selection. 
Fertilizer, lakes in, 250 ff 
limiting factors, 275, see Nutrients 
Fishing yields, 186-187 
Flocs (bacteria), 266 
Flour beetles, 320 ff, see Tribolium 
Food chain, arctic, 130 
diversity introduced by, 571 
hypothetical, 134 
North Sea, 135 
parasite, 136 
saprophyte, 136 
Food cycle, 134 ff 
defined, 137 
figure, 136 
Food limits of earth, 165 
Food size, principle of, 132 
Food web, 133 
Foraminifera, diversity gradient, 539 
Forb 
Herb other than grass. 
Formations, defined, 12 
ecosystem units as, 125 
histories of, 92 ff 
map of, 18-19 
unit of vegetation analysis as, 69 
Fossil fuels, 224 ff 
Frequency, 514 
law of Raunkiaer’s, 514, 516 
Fruit flies, 316 ff, see Drosophila 
Fugitive species, 393 
Functional responses, 431 ff 
Fur trade, cause of cycles, 483 ff 


Galapagos, Darwins finches, 352 
goats, 300 
tortoises, 300 
water ferns (Azolla), 353 
Gamma radiation, ecological effects, 269 
Gammarus, speciation in Baikal, 547 
G.A.S. (General Adaptation Syndrome), 458 
in lemming cycles, 492 ff 
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in Wynne-Edwards hypothesis, 466 
Gates, D. M., on energy exchange, 288 ff 
Gauld, G. T., on feeding of copepods, 171 ff 
Gause, G. F., on competition in paramecia, 334 ff 
on population growth in Paramecium, 310 ff 
on predation experiments, 422 ff 
Gause Principle, 337, see Competitive exclusion 
Gause Theorem, 338 
Gaussian curve, 513, 514 
Gazelle, feeding, 122, 121 (figure) 
Geist, V., on social significance of sheep horns, 467 
General adaptation syndrome, 458 
in lemming cycles, 492 ff 
in Wynne-Edwards hypothesis, 466 
Geochemical cycle, 203 ff, 205 (figure) 
Geophyte 
alternative term for “cryptophyte.” 
Gleason, H. A., on succession theory, 86 ff, 551 
Global pollution, 267 
Goulden, C. E., on broken stick model for fossil 
cladocera, 527 ff 
Gradient analysis, method described, 34 ff 
plant sociology in, 70 
Great soil group, defined, 46 
maps of, 50 
Green earth argument, 389 
in trophic level hypothesis, 501 
Greenhouse effect, 227 
Grey-brown podzolic soil, described, 47* 
Group behaviour (Chapter 33), 464 ff, 468 
individual strategy in, 575 
Group selection, 467 ff 
Gyttja, 258 


Habitat, basis of population model, 503 
controls association, 69 
part of ecosystem, 123 
random patches log-normal, 517 
stable and unstable, 393 
stage for species, 296 
Hairston, N. G., on broken stick model, 527 
on trophic level hypothesis, 501 
Hares, diseased when crowded, 487 
population fluctuations, 484 
shock disease in, 460 
Harper, J. L., on population regulation in plants, 
475 ff 
Heat budgets, 285 ff 
animal, 289 ff 
arctic treeline and, 294 
equation for, 286 
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Heat budgets (Continued) 
life-forms and, 295 
plant, 291 
Hekistotherm, 21 
Henderson, H. L., facsimile of writings, 58 
on the fitness of the environment, 59 
Herdsmen, niche of, 141, 504 
Heterotroph 
Organism (animal or decomposer) living on food 
synthesized by an autrotroph. 
Hibernation, 280 
Hierarchy (social), 454 
History, from Eltonian principles, 141, 504 
Holism, 86 
Holling, C. S., analysis of predation, 432 ff 
Holocene, 123 
Home range, 132, 451 
Homoithermy, 288 
in plants, 291 
Hopkins, D. M., on Alaskan tree line, 38-39 
Horizon, layer in a soil, 44 ff 
Hornbill, 52, 53 
Hornocker, M. G., on home range and territory, 
452 ff 
on Idaho mountain lions, 452 ff 
Horns, social significance of, 467 
Hot Springs, tolerance of, 279, 535 
Howard, H. Eliot, theory of territory (Chapter 31), 
444 ff 
Huffaker, C. B., on dispersal and predation, 427 ff 
Human ecology (reviewed), 577 ff 
agriculture and soil, 50, 201 
air: maintenance of (Chapter 16), 219 ff 
pollution, 227 
algal blooms, 269 
algal culture, 158 ff 
American Indians: ecological history, 111 ff 
Aswan Dam, 201 
atmosphere self-cleaning, 263 
birth control in nature excluded, 365 
carbon dioxide in air, 224 ff 
climate and pollution, 227 
dams on rivers, adverse effect, 201 
D.D.E., 270 
detergents 260, 271 
D.D.T., 270 
in food chains, 137, 210 
ecosystem descriptions, 244 
efficiency of agriculture, 212 
eutrophication, 258 
extinction, 574 


fallowing in agriculture, 212 
farming oceans, prospects, 164 
unrealistic, 187 
fishing yields, 186-187 
food limits on earth, 165 
fossil fuels, 224 
history from Eltonian principles, 141, 504 
land-clearing in pollen diagrams, 107 ff 
life-table, 371 
monoculture, hazards of, 240 
niche of herdsmen, 141, 504 
niche of peasants, 142, 504 
nigerian rain forest, 201 
nitrates and World War |, 213, 216 
nutrients for farming, 201 
oxygen not endangered by poisoning sea, 223 
oxygen reserves of atmosphere, 224 
oxygen return from nitrates, 218 
oxygen return from sulfates, 221 
oxygen return from swamps, 222 
oxygen return from wetlands, 222 
PAN, 263 
pesticides in food cycle, 137 
pests in simple systems, 240 
phosphate shortage, 210 
phosphorus cycle, 206 ff 
policy suggested, 579 
pollution, air, 227 
radiation effects on ecosystems, 269 
recycling, 266 
soil impoverishment, 50 
Taiwan ancient agriculture, 109 
wetlands: usefulness of, 222 
Hummingbird, 52, 53 
Hutchinson, G. E., on ambiguity of competition 
experiments, 328 
on assimilation and production, 170 
on ecological theater and evolutionary play, 296, 
353 
on energy flow, 138 ff, 254 
on fugitive and equilibrium species, 393 
on hypervolume as definition of niche, 522 
on lakes as self-developing systems, 254 
on niche overlap and birds beaks, 540 
on paradox of the plankton, 348 
on phosphorus in lakes, 207-209 
on species diversity (Santa Rosalia), 571 
on sympatric copepods, 349 
Hydrarch succession, 74 
critique of, 88 ff 
Hypolimnion, 248 
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Incremental harvest, 155 Lakes (Chapter 18), 248 ff 
Index animal, 122 Baikal, 268 
Infauna diversity in, 534, 547 
Part of the benthos which burrows. Bering land bridge, 111 ff 
Information theory, stability-complexity hypothesis, Cedar Bog, 177 
238 Crecy, 207 
succession hypothesis, 564 ff cultural eutrophy, 258 
Intrinsic rate of increase, 311, 312 dissolved organic matter in, 190 
Inversion layer, 264 ecosystem development (Chapter 18), 247 ff 
Irruption, birds, 366 energy flow in, 138 
grasshoppers, 384 Erie, 259, 267 
thrips, 386 eutrophic, 250 
Isle Royale, 378 fossil cladocera in, 527 ff 
Imuruk, 112 
Jaegers, as arctic predator, 486 Lindeman studies, 175 ff 
Janzen, D. H., on cause of dominance in temperate Linsley Pond, 208, 251 ff, 553 
forest, 479, 552 Mendota, 177, 190 
on plant behavior, 480 Michigan (dead alewives), 257 (figure) 
on seed predation in tropical forest, 477 ff, 552 Michigan (sand dunes of), 75, 116 
on speciation in rain forests, 349 oligotrophic, 250 
oxygen deficit, 249 
K-selection phosphorus cycle in, 208 
Selection for an equilibrium strategy leading to plankton, competitive exclusion by, 348 
an equilibrium species. Preserves traits which pollen analysis and, 102 ff 


use energy reserves for competition rather than _ pollution of, 256, 265 ff 
making extra propagules. The K is the symbol ponds beside Lake Michigan, 117-118 


for number of individuals at saturation in productive history of, 254 ff 
Lotka-Volterra and logistic equations. self-cleaning systems, 258 
Kaibab, deer herd fiction, 397, 399 ff Senneca, 249 
in trophic level argument, 502 succession at edge, 74, 88, 116 
Kira, T., and T. Shidei, on production in forest stands, superorganism hypothesis, 254, 553 
556 ff systems analysis of, 260 
Klopfer, P. H., on niche overlap in tropics, 541 Tanganyika, 268 
on territorial behavior, 447 thermal pollution, 267 
Koebele, A., on biological control, 410 vertical migration in, 469 
Kohn, A., on sympatric cone shells, 345 Washington, 258-259 
Képpen, V., classification of climate, 17 Landnam, 107 
climatic map, 22-23 pollen diagram of, 110 
Krebs, C. J., on Chitty hypothesis, 493 Land clearing, pollen diagrams in, 107 ff 
discredits lemming folk lore, 492 Large animals, problems of, 140 
on lemming cycles, 487 Laterite, 48 
Latosol, 48* 
Lack, D. L., on absence of birth control in nature, Lemming cycles (Chapter 35), 482 ff 
365 disease hypothesis, 486 
On avoidance of competition, 343 nutrient hypothesis, 487 
on clutch size, 576 predation hypothesis, 485 
on Darwin's finches, 352 shock disease hypothesis, 491 
on Gause principle, 343 weather hypothesis, 489 
On irruptions, 366 Lentic 
on natural regulation numbers, 361 ff Means “still water” and is an obscure way of 


saying ‘still water.” 


On territorial behavior, 447 
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Leopold, A., classifies functions of predators, 439 
on Kaibab deer herd, 401 
Liebig, law of the minimum, 274 
Life forms, 20-27, 26 (figure) 
spectrum, 23 
Life tables (Chapter 26), 370 ff 
Dall sheep, 374 
gray squirrels, 375 
men, 371 
moose, 378 
Life zones, disputed by gradient analysis, 34 
map of North America, 32 
San Francisco Mountain on, 30 
temperature hypothesis, 30 
Light-bottle—dark-bottle, 160 
Light trap samples, 510 
Lincoln index, 372 
Lindeman, R., on calculating efficiency: errors, 176 
on Cedar Bog Lake, 175 ff 
on ecological efficiency, 170 ff 
on energy flow, 138 ff, 254 
on fluctuations in lake populations, 360 
on succession and efficiency, 554 ff 
Limiting factors, concept, discussion of (Chapter 20), 
274 ff 
critique, 294 ff 
intellectual fallacy of, 279 
Liebig postulate, 274 
Limnology, 248 
Livingstone, D. A., criticizes “lakes as 
superorganism” hypothesis, 255 ff 
on sodium cycle, 204-206 
Loess 
Wind-blown silt. Many temperate landscapes 
have thick layers of loess blown there during 
the last glacial retreat. 
Logistic model, discussed (Chapter 22), 311 ff 
equation, 313 
exponential growth equation derived from, 
314-315 
figure, 314 
population regulation, in general theory of, 360 ff 
predation in, 421 ff 
Log-normal distribution, 513 
birds, 515 
compared to broken stick, 524 ff 
diatoms, 513 
figures, 514, 515 
forest trees, 518 
moths, 515 
plants and frequency law, 516 


Sonoran desert, 513 
Loss on ignition, 255 
Lotic 
Means “running water” and is an obscure way of 
saying “running water.” 
Lotka-Volterra Equations, arctic cycles and, 484 ff 
of competition, 330 ff 
of predation, 421 
predictions, 334 
Lynx, fur yields, 483 


Macarthur, R. H., on broken stick distributions, 522 ff 
on complexity-stability hypothesis, 238 
on diversity: foliage, height and birds, 536-537, 
542 
on fugitive warblers, 393 
on Gause principle and sympatic warblers, 345 
on niche overlap in tropics, 540-541 
on relative abundance of opportunists, 517 
on within and between habitat diversity, 541 
Maclulich, D, A., on hare and lynx cycles, 484, 487 
Macfadyan, A., on productivity, 234-236 
Mallee heath, 15 
Margalef, D. R., on “information’’ in succession 
hypothesis, 564 ff 
on relative abundance of opportunists, 517 
Mark and recapture, 372 
Maquis, 14 
Mech, L. D., on moose and wolves, 377, 405 
Megatherm, 17, 21 
Meromictic lakes 
Always stratified so that top and bottom waters 
never mix. Usually the strata are chemically 
different as when fresh water floats on salt 
water. 
Merriam, C. H., life zone system, 28 ff 
retraction of isotherm calculations, 33 
zoogeographical classification, 56 
Mesotherm, 17, 21 
Microcosms, for predation experiments, 424 ff 
succession in 119, 557 ff 
Microtherm, 21 
Minimum area, 67, 68 
Mitchell, R. D., on limiting factors in hot springs, 
279 
on speciation in water mites, 395 
Model, broken stick, 523 ff 
competition as basis, 307 
dissolved organic matter, 195 
ecosystems, 240 ff 
energy balance, 289 


Gus) oer oe Wa 


ue aia 


interspecific competition (Chapter 23), 330 ff 
logistic (Chapter 22), 309 ff, 313 
log-normal for relative abundance, 513 ff 
predation, algebraic, 420 
computer simulation, 439 ff 
Holling, 432 ff 
Lotka-Volterra, 422 
Nicholson and Bailey, 430 
regulation of prey, 439 
seeds of forest trees, 479 
rodent cycles, 494 
thrips irruptions, 387 
Monoculture, hazards of, 240 
Montpelier School, see Zurich-Montpelier School 
Moose, Isle Royale on, 378 
life table, 378 
predation by wolves, 405 
Mores, 117 
compared with niche, 134 
Mortality, 370 
Mosaic, of diversity, 571 
Mosby, H. S., life table for squirrels, 374 
Mouse plagues (Chapter 35), 482 
Mullen, D. A., on weather in lemming cycles, 
489 ff 
Murie, A., on Dall sheep, 373 
Muskrats, 402 ff 
Mycorrhizae 
Roots and fungi living symbiotically or 
commensally. Together they constitute the 
nutrient retrieval system. 


Naturcomplex, 123 
Nekton 
Animals of sea, such as fish, which can control 
their position by swimming: sea animals other 
than “plankton.” 
Neritic zone 
Shallow sea over continental shelf. 
Neuston 
Organisms supported on water surface. 
Niche, defined, 134 
diversity and geometry, 538 
herdsmen of, 141, 504 ‘ 
hypervolume: formal definition, 522 
introduced, 133 ff 
“mores” foreshadows, 117 
overlapping or not, 540 ff 
partitioning by new species, 572 
peasants of, 142, 504 
possibilities for solute feeder, 190 ff * 
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size and birds’ beaks, 540 
Nicholson, A. J., on population regulation, 361 
predation, model of, 430 . 
Nigerian rain forest, 201 
Nitrates, oxygen return from, 218 
Nitrifying bacteria, 213 
Nitrogen, cycle (Chapter 15), 212 ff, 
217, (figure) 
fixation, 213 ff 
Numerical response, 431 
Nutrients, cycles (Chapter 14), 198 ff 
cycles closed by fossil fuels, 57 
farming for, 201 
lemming cycle hypothesis, 488 
limiting factors, 275 
nitrogen (Chapter 15), 211 ff 
phosphate from detergents, 260, 271 
phosphorus, 206 ff 
rain forests in, 199 (figure), 200 
sea, productivity of limited by, 162 
soil, retention in, 202 
succession conserves, 559 
sulfur, 220 ff 
temperate forests in, 203 (figure) 
water pollution, 256 ff 
Nuthatches, character displacement, 350 (figure), 
351 


Oceans, see Sea 
farming, prospects, 164 
unrealistic, 187 
Odum, E. P., on complexity-stability hypothesis, 
239 
on coral reef productivity, 163 
on succession and biomass, 554 ff 
Odum, H. T., on assimilation and production, 170 
on coral reef productivity, 163 
on hydraulic analogy, 230, 232 
on productivity of forests, 155-156 
on succession and complex structure, 560 ff 
Ohms law, 311 
Oligotrophic lake, 250 
Ontogeny 
The development of an individual: especially the 
changes in the shapes of its parts as it grows to 
maturity. 
Opportunist species, 392 
low diversity of, 545 
muskrats, 403 
relative abundance of, 517 
replaced in succession, 567 
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Over representation, in pollen analysis, 102 
Oxygen, atmosphere, reserves of, 224 
deficit, 249 
nitrates, return from, 218 
not endangered by poisoning sea, 223 
sulfates, return from, 221 
swamps, return from, 222 
wetlands, return from, 222 


Paleoecology 
Ecological studies of the past from the evidence 
of fossils. To geologists it means reconstructing 
past environments from assumptions about 
animals and plants found fossil. To biologists it 
means reconstructing niches of the past from 
reconstructions of past environments. 
American forests, 102 ff 
American Indians, 111 ff 
lake development, 254 ff 
land clearing, 107 ff 
pollen analysis (Chapter 7), 92 ff 
Scandinavian bogs, 92 ff 
tests broken stick model, 527 ff 
Paleolimnology 
Studies of lake ecosystems of the past from 
evidence preserved in lake mud. 
development of cladoceran communities, 527 ff 
History of Linsley Pond as an example, 254 ff 
PAN, 263 
Parallel evolution, 52 
Paramecium, 336, (figure) 
interspecific competition, 334 ff 
population experiments, 310 ff 
predation experiments, 423 ff 
Parasite chain, 136 
Parasitoid, 413 
Animals, principally hymenopterans, which lay 
eggs in other animals and whose young feed 


on the living tissue and eventually kill the host. 


They are treated as a special class of predator 
in this book. 
Parent material, of soils, 44 
Park, T., Tribolium experiments, 323 ff 
Patches, 571 
insects and predation, 429 ff 
Patchiness, environment and log-normal 
distribution, 517 
Patrick, R., on log-normal distributions, 513 
on low-diatom diversity in polluted water, 
543 
Pearl, R., on competition in fruit flies, 317 ff 


1 


Peasants, niche of, 142, 504 
Peck order, 454 

Pedalfers, 47 

Pedocals, 48 

Pelagic 


Life of open sea = nekton + plankton + neuston. 


Periphyton 
Synonym for ‘“aufwuchs.” 
Permafrost 
Permanently frozen ground only the thin surface 
layer of which thaws in summer. 
Perrenating organ, 20 
Pesticides, food cycle in, 137, also see D.D.T. 
Pests, in American agriculture, 410 ff 
oil palms, 413 
oranges, 410 
outbreak caused by D.D.T., 413 ff 
simple systems in, 240 
tropical agriculture, 413 
Phanerophyte 
Plant with renewal bud exposed on upright shoot 
(aerial plant) a Raunkiaer life form. 
Pheromone 
Volatile substance controlling insect behavior. 
Some are sex attractants. They show promise 
for use in pest control. 
Phosphate, shortage, 210 
Phosphorus, cycle, 206 ff 
deficiency in lemming cycle, 488 
limiting nutrient, 274 
shortage, 210 
Photic zone, 190 
Photochemical pollution, 263 
Photosynthesis, carbon dioxide limit, 151, 158 
efficiency of, 152 ff 
equation, 147 
eutrophic lakes, 250 
oligotrophic lakes, 251 
radiations used, 149 
sea plants, 223 
Phylogeny, 55, 
The evolutionary development and relationships 
of groups of animals or plants. 
Physiological ecology, 285 
Phytoplankton, avoidance of competition, 348 
Pitelka, F. A., on adaptations of arctic 
predators, 485 
Plagues of rodents (Chapter 35), 482 ff 
Plankton, microplankton, 185 
nannoplankton, 185, 191 
productivity, 236 


Plant sociologist, 63 
Plant sociology, British school, 123 
critique of, 69, 70, 553 
gradient analysis, 70 
Uppsala school, 66 
Zurich-Montpelier school, 63 
Pluvial 
A past period when a local climate was wetter 
than that of the present. Usually applied to wet 
epochs in the Pleistocene. 
Podzol, described, 45-46 
distribution of forests and, 46* 
Pogonophora, 194-196 
Poikilothermy, 288 
Pollen analysis, 94 ff 
Alaska, 113 
Bering land bridge, 109 ff 
climax theory and, 99, 100 
difficulties with, 102-105 
Eastern North America, 101 ff 
European, 95 ff 
over representation, 102 
record of man by, 107 ff 
statistics, 104 
Taiwan, 109 
Pollen diagrams, absolute, 104 
Alaska, 113 
Bering land bridge, 113 
Georgia, 108-109 
land clearing in, 107 ff 
late glacial of Denmark, 98 
Linsley Pond, Connecticut, 253 
New England, 106 
North Carolina, 103 
Postglacial of Southern Norway, 97 
Pollen grains, fossils of, 94 
illustrated, 96 
Pollen zones, Alaska, 113 
chronological tool, 100 
late glacial from Europe, 98 
postglacial from Europe, 97 
postglacial from New England, 107 
Pollution (Chapter 19), 262 ff 
air, 262 ff 
Erie (Lake), 257, 259 
Global, 267 
photochemical, 263 
radiation, 269 
thermal, 267 
Washington (Lake), 259 
water, 256 ff 
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Polyclimax, 86, 551 
Population, control of, 504 ff 
pollution and, 272 
regulation alternatives, 359 
Population checks, 310 
birth control in nature excluded, 365 
Catastrophic, 360 
density dependent, 316, 358 
density independent, 360 
Drosophila cultures, 316 ff 
food shortage, 320 
general adaptation syndrome, 458 
peck order, 454 
plants (Chapter 34), 472 ff 
predation: Chapters 28-30, 398 ff 
reindeer on small island, 404 
social dominance, 454 
social pressures, 458, 464 ff 
territorial behavior, 447 ff 
Tribolium cultures, 320 ff 
weather (Chapter 27), 382 ff 
wildebeest, 406 ff 
Wynne-Edwards hypothesis (Chapter 35), 464 ff 
Population control (reviewed, Chapter 36), 498 ff 
Andrewartha and Birch hypothesis, 390 
density dependent introduced (Chapter 25), 
358 ff 
human, 504 ff 
life tables, 370 ff 
plants (Chapter 34), 472 ff 
pollution and, 272 
predation effects: Chapters 28-30, 398 ff 
regulation alternatives, 359 
weather effecting (Chapter 27), 382 ff 
Wynne-Edwards social crowding hypothesis, 
464 ff 
Population history, herons, 362 
irruptions, 366 
snowy owls, 365 
storks, 364 
titmice, 365 
Prairie formation, correlated with fire, 42 
Prairie soils, 47* 
Predation, analysis (Chapter 30), 420 ff 
arctic animals on, 485 ff 
computer simulation, 439 ff 
coupled oscillations, 421 ff 
Dall sheep, 373 
deer, 399 ff 
dispersal and, 426 ff 
functional responses in, 432 ff 
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Predation (Continued) 
Gause on, 422 
Holling on, 432 ff 
Huffaker on, 427 
hymenoptera, 411 ff 
Kaibab fiction, 400 (figure) 
large predators (Chapter 28), 398 ff 
Leopold on, 439 
lions, 407 ff 
models, (Chapter 30), 420 ff, see Models 
moose, 377 
muskrats, 402 ff 
plants (Chapter 34), 472 ff 
prickly pears on, 474 
St. John’s wort, 475 
seeds, 477 ff 
small mammals, 435 ff 
small predators (Chapter 29), 410 ff 
small predators (conclusion), 417 
trees, 476 
tigers, 404 
Utida experiments, 426 
vedalia beetle, 410 
wildebeest, 407 (figure) 
wolves, 373, 377 
Predators, adaptations of arctic, 485 
Preston, F. W., on between habit diversity, 542 
on commonness and rarity, 511 ff 
on log-normal distributions, 513 ff 
Prickly pear, 473 (figure) 
biological control of, 474 
Primary production, 154 
Production, 138 
assimilation equated to, 170 
corn plants, 153-154 
land and sea compared, 223 
Productivity, 157 
The rate of production usually measured as mass 
per unit area per unit time or as calories per 
unit area per unit time. 
algae, 152, 158 
animal, 169 ff 
carbon dioxide limit, 150-151 
carbon fourteen, 160 
climax formation, 555 ff 
coral reefs, 163 
corn plants, 153-154 
crops, 152 ff, 155 
diversity influenced by, 542 ff 
forests, 155 
grassland, 236 


incremental harvest, 155 
kelp beds, 164” 
lakes, 250 ff 
land—sea compared, 223 (table) 
light bottle—dark bottle, 160 
“marine communities, 236 
measurement, 147 ff, 160 
microcosms, 558 
seas, 159, 161, 186 
spruce forest, 236 
successional changes, 554 ff 
sugar beet, 157 
Transeau’s measurements, 153 
tundra and lemming populations, 495 
world regions, 165 (table) 
Protists, 194 
Piitter-Krégh argument (Chapter 13), 190 ff 
Pyramid of biomass, 175 (figure) 
Pyramid of energy, 139 
Pyramid of numbers, 131 
energy basis of, 138 ff 
figure, 132 
Panama forest, 133 


Quadrat samples, 67 ff 
Quadrats, size of and frequency law, 514 


Radiation, ecological effects, 269 
pollution, 269 
Rarity (Chapter 37), 510 ff 
caused by random process, 532 
Rats, effect of overcrowding, 459 
Raume, 123 
Raunkiaer, law of frequency, 514, 516 
life form system, 20-27 
and climate stability, 393 
Realm (zoogeography), 52, 54 (map) 
Recycling, atmosphere, 266 
Region (zoogeography), 54, 55 (map) 
Reindeer, population growth, 404 (figure) 
Releve 
Descriptive list used by the Zurich-Montpelier 
School. Example 64. 
r-Selection 


Selection for an opportunist strategy leading to an 


opportunistic species. Traits are preserved 


which use energy to obtain a high natural rate 


of increase “r.”” 
Respiration, equation of, 147 
eutrophic lakes, 250 ff 
Transeau’s measurements, 153 


= ————E 


Rodents, plagues of (Chapter 35), 482 ff 
Root nodules, 214-215 (figures) 
Ryther, J. H., on productivity of the sea, 185 


Salt domes, 206 
Sanders, H. L., on diversity of deep sea floors, 
545 ff 
on time-stability hypothesis, 545 ff 
Sand dunes, animal succession on, 116, 117 
plant succession on, 75, 76 
Saprophage (saprobe) 
Organism feeding on dead organic matter. 
Saprophyte chain, 136 
Sargasso Sea, 184 


Saunders, A. A., census of birds at Quaker Run, 510 


Savanna, see Tropical savannah 
Scavengers, 134 


Animals that eat the corpses of other animals and 


plants. 
Schaller, G., on tigers as predators, 403 
Sclerophyllous bushland, 14-15 (figure) 
Schimper, A. F. W., on plant form and water 
supplies, 280 


Schjelderup-Ebbe, T., on social dominance and peck 


order, 454 


Schmidt-Nielsen, K., on physiology of camels, 280 


Sclater, P. L., on zoogeography, 54 
Sea, age of, 203 ff 
deep scattering layer, 468 
desert qualities of, 162 
detritus in, 193 
dissolved organic matter in (Chapter 13), 190 ff 
diversity in deep floors, 544 
diversity in open, 537 
productivity of, 161, 223 
productivity measurements, 160 
slicks on surface, 193 
small plants in (Chapter 12), 182 ff, 560 
sodium in, 203-206 
vertical migration in, 468 ff 
Sea-floor spreading, 206 
Selye, H., on general adaptation syndrome, 458 
Seral stage, 74 
Serengeti, 406 
Shelford, V. E., on animal succession, 116 ff 
on mores and niche, 117 
on tolerance, 276 
Shock diease, crowding and, 461 
crowding brought on by, 459 ff 
hares, 460 
lemming cycles, 492 ff 
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Sigmoid growth, 313 
confined population, 312 
Drosophila cultures, 319 
Lakes, 254-255 
predator and prey, 421 ff 
Tribolium cultures, 322 
Slicks, 193 
Slobodkin, L. B., on the hydraulic analogy, 233 
on Lindeman efficiency, 176 ff 
on time-stability hypothesis, 545-546 
on trophic levels in balance of nature, 501 ff 
Smith, F. E., on trophic level hypothesis, 501 
Smuts, J. C., Ecological philosophy of, 86 
Snowy owl, 485 
irruptions, 485 
Sociability, 64, 65 
Social behavior, in lemming cycles, 492 ff 
in population regulation (Chapter 33), 464 ff 
Social dominance, 454 
Sociation, 68 
Soil, brown earth, 47 
chernozem, 47* 
desert, 47 
grey-brown podzolic, 47* 
horizon, 44 
Lateritic, 48 
Latosol, 48* 
parent material, 44 
pedalfer, 47 
pedocal, 48 
podzol, 45* 
prairie, 47* 
terra rossa, 50* 
tropical, 48, 198 
tundra, 47 
Soil fertility in tropics, 198 ff 
Soil horizon, 44 ff 
Soil impoverishment, 50 
Sonoran Desert, 29 (figure) 
log-normal distributions in, 513 
Speciation, by character displacement and 
exclusion, 351 ff 
diversity affected by, 572 
without competitive exclusion, 395 
Species, ecologists view (Chapter 24), 342 ff 
Squirrels, English invasion, 301 
life table, 375 
Stability, complexity and, 237 ff, 564 ff 
succession and information theory, 564 ff 
Stability-time hypothesis, 545 
Standing crop, 154 
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Steady state, 200 
Steno-, 277-278 
Stork, figure, 363 
population history, 364 
Strategy (Chapter 41), 571 ff 
breeding of rats, 459 
character displacement and, 574 
equilibrium species, 392 
evasive species, 574 
forest trees, 557 
fugitive species, 393 
group behavior and, 575 
Homo sapiens, 577 ff 
opportunist species, 392, 576 
possible range, 568 
understanding is fundamental, 577 
Struggle for existence, avoided, 342 
Subarctic period, 93 
Subatlantic period, 93, 97 
Subboreal period, 93, 97 
Succession, see Ecological succession 
Suess effect, 227 
Sulfates, oxygen return from, 221 
Sulfate-reducing bacteria, 221 
Sulfur, cycle, 220 ff 
cycle, 221 (figure) 
Sulfur bacteria, 217 
Sunbird, 52, 53 


Superorganism, discussion and criticism, 78 ff, 551 ff 


information theory form, 564 ff 
limnology, 254, 553 
review, 551 ff 
Survivorship curves, 374 
Symbiosis, 216 
Sympatric species, 343 
African game, 348 
cone shells, 344 
copepods, 349 
cormorants, 343 
forest trees, 349 
Lepidoptera, 345 
paramecia, 345, 
plankton, 348 
warblers, 345 
weaver birds, 344 
Synecology, 3 
Swamps, oxygen return from, 222 


Taiwan, ancient agriculture, 109 
Talbot, L. & M., on Serengeti wildebeest, 466 ff 


Tansley, A. G., Introduction of the ecosystem, 
123-124 
Knighthood of, 124 
Temperate deciduous forest, described, 8 
elevation sketch, 24 
figure, 10 
life form spectrum of, 26 
nutrient cycles in, 203 
soils of, 46 


Temperature, hypothesis for verticle migration, 469 


Merriam hypothesis and life-zones, 31 
tolerance to, 276 ff 
tree line correlated with, 38 
Temperature Regulation, animals, 289 ff 
camels, 287 
monkey flowers, 291 
plants, 291 
Terra rossa, 50* 
Territorial behavior, (Chapter 31), 444 ff 
auks, 446 
Australian magpies, 449 
distinct from ‘home range’, 451 ff 
fish, 446 
Hornocker’s view, 452 ff 
Howard hypothesis, 444 ff 
jaegers, 486 
Lack’s view, 447 ff 
mountain lions, 452 ff 
population regulated by, 447 
song birds in Maine woods, 448 
sticklebacks, 446 
yellowhammer, 444 ff 
Wynne-Edwards view, 448, 464 
Territory (Chapter 31), 446 ff, see Territorial 
behavior 
Thermal pollution, 267 
Thermocline, 248 
Thermodynamics, laws of, 230 
Therophyte 


Plant with renewal bud as a seed, annual plants, a 


Raunkiaer life form. 
Thrips, irruptions, 384, 386, 387 (figures) 
Tolerance, 276 ff 
Toucan, 52, 53 


Transeau, E. N., first measurement of productivity, 


153-154 
Tree line, airmass fronts and, 39-40 
Alaskan map of, 37 
Alaskan photo of, 38 
pollen from, 112 


summer temperature, correlated with, 38 
Tribolium, cannibalism hypothesis, 323 
competition experiments, 320 ff 
conditioned flour, 324 
Trophic level, 131, 134 (figure) 
diversity increased by, 571 
energy transfer between, 169 ff, 175 ff 
hypothesis (critique of ), 502 
hypothesis in balance of nature, 501 ff 
Tropical rain forest, described, 8, 9 (figure) 
elevation sketch, 24 
Ecquador, 388 
life form spectrum of nutrient cycles in, 200 
nutrient cycles in, 200 
soils of, 46, 48 
Tropical savannah, 13, 201 (figure) 
Nigerian, 201 
Tsukada, M., on broken stick model for fossil 
cladocera, 529 
Tubifex, feeding of, 170 
Tundra, described, 12 
forest boundary, 38 (figure) 
soils of, 47 
Tundra soils, 47 
Tyranosaurs, 140 


Uppsala school, 66 ff 
Utida, S., predation experiments, 425 ff 


Varley, G. C., on grazing on trees, 477 
Vedalia beetle, 412 (figure) 
predation by, 410 ff 
Vegetation, description by symbolic drawings, 
24-25 
ecosystem, part of, 123 
history of American, 102 ff 
world map of, 18 
Verticle migration (diurnal), 469 
Von Post, L., inventor of pollen analysis, 93-95 


Wallace, A. R., facsimile from book by, 56 
on gradients of diversity, 538 ff 
on zoogeography, 52 ff 
Warblers, sympatric, 347 (figure) 
Washington (Lake), pollution, 259 
Water, pollution, 256 ff 


wae 


Calcutta bud, 
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Watt, K. E. F., computer program for predation, 
441 
Weather, Andrewartha and Birch hypothesis, 388, 
499, 501 
role in lemming cycles, 489 ff 
Wetlands, usefulness of, 222 
Whales, size explained, 140 
Whittaker, R. H., on alpha beta diversity, 541-542 
on broken stick hypothesis and dominance, 527 
on gradient analysis, 34 ff, 70 
on log-normal hypothesis and dominance, 517, 
518 
on productivity measurements, 155 
on relative abundance of desert plants, 513 
on diversity on serpentine soils, 535 
on specialized feeding and diversity, 547 
Wildebeest, 120 (figure) 
feeding, 122 
Wilson, E. O., on character displacement, 351 
Wood, B., on population control of wild insects, 
413 ff 
Wynne-Edwards hypothesis (Chapter 33), 464 ff 
critique of, 466 ff, 577 
group selection required, 467 ff 
Wynne-Edwards, V. C., on population control 
(Chapter 33), 464 ff 
on territorial behavior, 448 


Xerarch succession, 74 
on lake Michigan sand dunes, 75, 116 
Xerophile 
Drought-loving, a term used of a Xerophyte by 
De Candolle, 20 
Xerophyte, 17, 21 


Yale School, on energy in lake systems, 254 
Yellowhammer, 444 
Yucca, 283 (figure) 


Zebra, 120 (figure) 
feeding, 122 
Zonation of vegetation on high mountains, 27 ff 
Zooxanthellae, 163 
Zurich-Montpelier School, 63 
table of methods, 64 
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